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Abstract
The source of the fluid stirring mechanism that powers the dynamo of terrestrial-type bodies during
their active magnetic field era is debated. Prior to the formation of a solid inner core, thermal
convection may cause enough mechanical stirring of the core fluid to generate a magnetic field
through dynamo action. After inner core formation, compositional convection in the liquid outer
core becomes the main source of fluid stirring mechanism to power a dynamo. Constraints on the
likelihood and duration of these convection mechanisms may be obtained by the experimental
determination of the thermal properties of core materials. These cores consist of complex Fe-alloys
and the effects of impurities have not yet been established under high pressures and temperatures.
The first objective of this thesis was to investigate the behavior of electrical resistivity along the
melting boundary of metals by measurements in large volume presses (1000 ton, 3000 ton) using
the 4-wire method. Unprecedented measurements on Au up to liquid temperatures from 2-5 GPa
show a decrease in resistivity along the melting boundary, conflicting with the prediction of
invariant behavior. In contrast, the first measurements on Fe-8.5wt%Si revealed a constant
behavior of resistivity along the melting boundary from 10-24 GPa. The second objective of this
thesis was to investigate the effect of impurities on the resistivity via measurements on Fe-xSi (x
is 2, 8.5, 17 wt%) and Fe-10wt%Ni-10wt%Si from 2-24 GPa and up to liquid temperatures. The
similarity in Fe-8.5wt%Si and Fe-10wt%Ni-10wt%Si measurements indicate a negligible effect
of Ni. Finally, the estimated heat flow at the top of an Fe-10wt%Ni-10wt%Si Earth core is
estimated to be 14 TW. The results of an Fe-Si lunar core date the end of the high magnetic field
dynamo to be in the range of 3.32-3.80 Gyr. A similar analysis of an Fe-8.5wt%Si Mercurian core
suggests a thermally driven dynamo up to 4.28-4.42 Gyr. However, an Fe-10wt%Ni-10wt%Si
Mercurian core indicates a thermally driven dynamo up to 4.29-4.48 Gyr. Lastly, measurements
of Fe-10wt%Ni-10wt%Si suggest the lack of dynamo in Venus can be explained by a solid inner
core and at least partially liquid outer core.
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Summary for Lay Audience
It is difficult to directly determine the thermal processes inside terrestrial-type bodies due to the
inaccessibility of these regions. These bodies are usually comprised of a crust, a mantle, and a
core, and the core is typically divided into a liquid outer and solid inner core. The presence of an
inner core suggests that compositional convection occurs in the outer core. This convection
mechanism, and the stirring of core fluid that it causes, may be enough to generate a magnetic field
through dynamo action. In contrast, thermal convection is required prior to the formation of an
inner core. High pressure and high temperature experimental determination of the thermal
properties of core materials can help constrain the likelihood and duration of these convection
mechanisms. A recent theory proposed that simple metals have a constant electrical resistivity
along their pressure- and temperature-dependent melting boundary. A constant resistivity behavior
represents a solution to the technical difficulties of reproducing the extreme conditions of
terrestrial-type cores in a laboratory. Electrical resistivity is used to calculate thermal conductivity
and adiabatic heat flow, both necessary to identify the age of the inner core and presence of
convection. The first objective of this thesis is to investigate the possibility of constant resistivity
behavior on the melting boundary. Electrical resistivity measurements of Au from 2-5 GPa and
into the liquid state show a decrease in electrical resistivity along the melting boundary. However,
measurements on Fe-8.5wt%Si and Fe-10wt%Ni-10wt%Si up to 24 GPa and in the liquid state
show a constant behavior starting at 10 GPa and 7 GPa, respectively. The constant behavior at the
pressures studied may be applicable at higher pressures in core materials. The second objective of
this thesis is to evaluate the effects of impurities on the resistivity of simple metals. Measurements
on Fe-2wt%Si, Fe-8.5wt%Si, and Fe-17wt%Si from 2-5 GPa and up to liquid temperatures show
a decrease in the impurity effect as temperature is increased. The results of these measurements
are used to draw conclusions on the age of the core and magnetic field of Earth, the moon, Mercury,
and Venus.
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Chapter 1
Introduction

1

This thesis is composed of five manuscripts detailing the measurements of the electrical
resistivity (ρ) of Au, Fe-Si, and Fe-Ni-Si alloys. To overcome the challenging manual analysis of
ρ, a stand-alone application was developed to automate the analysis (Appendix A). The sample
assembly for each experiment is illustrated in Appendix B.

Background

1.1

The motivation for many high pressure and temperature experiments related to a terrestrial-type
planetary body is the determination of thermal and compositional, or chemical, convection
contributions to the internal heat flow. Earth’s internal heat budget comes from two main sources:
active radiogenic heat production (ongoing decay of radionuclides, e.g.,
40

238

U,

235

U,

232

Th, and

K) and primordial heat production (kinetic energy from impacts of comets and meteorites

during accretion, adiabatic compression, differentiation of Earth’s mantle structure, and the rapid
decay of

26

Al originating from Earth’s formation) (Turcotte and Schubert, 2002; Korenaga,

2011). While the total heat emitted from the surface is well constrained to 47±2 TW (Davies and
Davies, 2010), the exact contribution from the two main sources of heat in Earth’s interior, let
alone the core, are uncertain as direct measurements are challenging and physically inaccessible.
Constraints on these contributions can be estimated by identifying the heat transport mechanisms
that can operate from the core through the inner core boundary and then through the core-mantle
boundary (CMB), see Figure 1-1. In the crust, the main heat transport mechanisms are conduction
and advection (Arevalo et al., 2009; Dye, 2012; Bowler, 2015). In the mantle, heat is transported
via convection and the amount of primordial heat flow is calculated by subtracting the core heat
flow from the global radiogenic heat, as assessed from surface observations of the total internal
heat budget (Dye, 2012). The heat flow out of the core is controlled by the thermal evolution of
the mantle (Braginsky and Roberts, 1995; Buffett et al., 1996; Gubbins et al., 2004; Nimmo,
2015).

2

Figure 1-1: Dominant heat transport mechanisms operating from Earth's core to
crust.

If the heat flow absorbed by the mantle is below the critical rate (amount of heat transported along
the adiabat), then the core is thermally stratified, and conduction is the main heat transport
mechanism in the core. In contrast, if the heat flow absorbed by the mantle is above the critical
rate, then the heat is transported out of the core by thermal or chemical convection. The core
energy balance indicates that the heat flow across the CMB is equal to the sum of the secular
cooling of the outer core, heat flow from the inner core (secular cooling and radiogenic heating),
latent heat of freezing of the inner core, compositional energy, and radiogenic heating (Labrosse,
2015). Thermal evolution models determine the age of the inner core by integrating the core
energy balance from the onset of inner core crystallization to present (Gomi et al., 2013; Labrosse,
2015). The crystallization of the inner core depends on the isentropic temperature profile and
mass fraction of light elements in the core, both time-dependent parameters. As the core
temperature cools down, the adiabat intersects the liquidus causing the inner core to crystallize
and grow. Furthermore, the heat flow across the CMB is obtained from the thermal conductivities
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of the core and lowermost mantle materials, while also possibly depending on the radioactivity
in the core (Gomi et al., 2013; Labrosse, 2015; Xiong et al., 2018; Pozzo et al., 2022).
A high thermal conductivity of the core materials, in the order of 90-150 Wm-1K-1 for Earth’s
core (de Koker et al., 2012; Pozzo et al., 2012; 2013; 2014; Gomi et al., 2013; Pourovskii et al.,
2020), suggests a high heat flow through the CMB and a super-adiabatic core. In this case, the
heat is transported out of the core by conduction and remains so until the core temperature
decreases significantly. Thus, the formation of an inner core is delayed when the thermal
conductivity is high. A high thermal conductivity suggests a young inner core, approximately 1
Gyr or less (Ohta and Hirose, 2020). On the contrary, a low thermal conductivity, in the order of
30 Wm-1K-1 for Earth’s core (Stacey and Loper, 2007), suggests an early sub-adiabatic
temperature profile and therefore a relatively old inner core. Prior to the formation of an inner
core, a dynamo may be powered by thermal convection if enough is produced (Driscoll and
Bercovici, 2014). After the formation of an inner core, compositional convection becomes a
relevant fluid stirring mechanism to power a dynamo. Dynamo theory states that a celestial body
may generate a magnetic field if the following three criteria are met: The presence of an
electrically conducting fluid, kinetic energy provided by the rotation of the body, and an internal
energy source to drive convection within, and stir, the fluid. The Coriolis effect caused by the
planet’s rotation allows the conductive liquid to rotate, which in turn induces a magnetic field.
The fluid convective motion is organized in columns, known as Taylor columns, by the Coriolis
force, which are aligned with the planet’s rotation axis. Paleointensity measurements on zircons
from the Jack Hills conglomerate indicate Earth’s magnetic field is as old as 4.2 Gyr (Tarduno et
al., 2015; 2020), almost as old as Earth, indicating the possible presence of dynamo action prior
to the formation of an inner core. A similar approach can be taken to identify the fluid stirring
mechanisms available to power a dynamo on the Moon and Mercury.
However, thermal conductivity is a difficult property to measure under the dimensional
constraints of high pressure and temperature experiments. In metals, conductivity is primarily
due to free electrons, while in non-metals, conductivity is primarily due to phonons. It follows
that the phonon contribution may be ignored when constraining the thermal conductivity of
metals. According to the Wiedemann-Franz law, the thermal conductivity of metals is a function
of the absolute temperature and ρ. It is important to note that the validity of this law at high
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temperatures has been debated multiple times via the correct value of the Lorenz number. The
Lorenz number is a number that relates thermal conductivity to electrical resistivity. Secco (2017)
experimentally evaluated the Lorenz number in solid and liquid Fe up to 5 GPa and reported a
non-negligible phonon contribution. The deviations from the standard value of the Lorenz
number are more significant with the addition of Si (Secco, 2017). Yet, theoretical evaluation of
Fe up to 5802 K and 330 GPa shows that thermal disorder influences thermal and electrical
conductivity equally resulting in a Lorenz number similar to the standard value, although
deviations are more significant at high pressures and temperatures and depend on the composition
of the system (Pourovskii et al., 2020). Constraining thermal conductivity at various pressures
and temperatures is also relevant to understanding the internal structure of Venus. The properties
of the terrestrial-type bodies of interest in this thesis are summarized in Figure 1-2.

Figure 1-2: Illustration summarizing important properties of the terrestrial-type
bodies of interest in this thesis.

1.2

Electrical resistivity of metals and alloys

Electrical resistivity is a measure of the ability of a material to oppose the flow of electrical
current. The higher the ρ of a material is, the more difficult it is to pass a current through it.
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Conductors have a small ρ compared to insulators, while semiconductors have intermediate
values. Electrical conductivity is the reciprocal of ρ and represents the ability of a material to
conduct current. The electrical conductivity of a material is determined by the position of the
conduction band from the valence band. The valence band is the outermost electron band of an
atom, while the conduction band is a band where electrons can jump up into from the valence
band. These bands are the closest bands to the Fermi level, the highest energy level that an
electron can occupy at the absolute zero temperature. In conductors, the valence and conduction
bands are overlapping, leading to a large number of free electrons available for conducting
current. A current passed through a material, by means of two opposing electrodes, will generate
a voltage drop across the material. This voltage drop is a measure of the resistance of a material
to current. Ohm’s law provides a relationship between the input current, measured voltage drop
and the resistance of a material. Pouillet’s law provides a relationship between the cross-sectional
area, length, and measured resistance of ohmic materials (materials that obey Ohm’s law).

1.3
Electrical resistivity behavior along the melting
boundary
In materials, the outermost energy levels of atoms merge to form a nearly continuous band. Stacey
and Anderson (2001) hypothesized that metals with a filled d-band have a constant ρ along their
melting boundary. This implies ρ measured at the melting boundary of Fe-alloys at experimental
pressures would be the same at planetary inner core boundaries, which are also melting
boundaries. Stacey and Anderson’s theoretical approach is based on the behavior of phonons at
melting temperatures. In most metals, ρ increases almost linearly with temperature, at low
pressure and temperature conditions, and decreases with pressure. The phonons, which are
quantized modes of lattice vibrations, participate in scattering electrons. At high temperatures,
more phonons are present, and it follows that more frequent electron scattering collisions take
place. The increase in scattering rate is directly proportional to the increase in ρ. On the other
hand, the amplitude of the atomic vibrations is reduced under pressure. This increases electron
mobility and consequently decreases ρ. Stacey and Anderson (2001) suggested that melting
indicates the maximum contribution of phonons to ρ, at which point ρ remains invariant with
pressure, see Figure 1-3. Stacey and Loper (2007) narrowed the previous hypothesis to be valid
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only for metals with conduction electrons of the same type (e.g., s-electrons). Transition metals
have unfilled d-bands and possess conduction electrons in the s-band. These electrons can
therefore undergo s-s transitions and s-d transitions (Mott and Fowler, 1936; Wilson and Fowler,
1938). Electrons in the d-band have a higher effective mass as they are closer to the nucleus of
the atom and thus are less mobile than electrons in the s-band. These s-d transitions, or scattering,
result in a higher ρ in unfilled d-band metals compared to filled d-band metals where this
scattering is not present. It is believed that the addition of impurities would simply result in a
supplementary scattering mechanism that is independent of temperature (Matthiessen and Vogt,
1864).

Figure 1-3: Phase diagram of Fe (Tonkov and Ponyatovsky, 2004) with an
illustration of the invariant electrical resistivity hypothesis. The label ρlab refers to
a resistivity value measured at laboratory conditions and ρIC refers to that at inner
core boundary conditions. Earth is illustrated as an example while this idea applies
to the inner core boundary of any terrestrial-type body.

1.4

Behavior in the liquid state

The behavior of ρ in the liquid state is more challenging to understand as the arrangement of
atoms in the liquid is not defined. The Fermi energy and ionic potentials of atoms are barely
altered when going from solid to liquid, but the long-range order of atoms disappears in the liquid
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state. Overall, the Fermi surface is smoother in the liquid state, and spheres are usually good
approximations. Mott and Fowler (1934) suggested that, in liquid metals with a filled d-band, the
atoms vibrate but remain at fixed positions, as they would in a crystal or in the solid state. Then,
the change in ρ can be attributed to the change in amplitude and frequency of the vibrations. Mott
and Fowler (1936) developed a formal theory of conduction for metals that is valid at high
temperatures, while Mott (1972) confirmed its validity in the liquid state. In the liquid state, the
mean free path of conduction electrons due to s-d scattering is slightly lower than in the solid due
to loss of order in liquid. Thus, the change in ρ upon melting is dominated by the change in
amplitude and frequency of atomic vibrations, which is greater in the liquid, resulting in an
increased ρ. However, this theory failed to account for the atomic disorder caused by melting.
Ziman (1961) proposed that each ion contributes to conduction through a localized pseudopotential. In the case of filled d-band metals, only s-electrons contribute to conduction, making
them nearly free electrons. This nearly free electron model stipulates that the effect of the ion
assembly in the liquid can be evaluated through perturbation theory. Perturbation theory is a
mathematical approach to complex problems that are written as simple problems accompanied
by perturbations. In other words, the complicated effects of the motions of electrons in the liquid
are replaced with an effective potential. The change in ρ upon melting therefore depends on the
change in the radial distribution function of the ions. The radial distribution function is a periodic
variation in the probability of finding a particle at a particular distance from an arbitrary particle.
Then, the temperature dependence of ρ in the liquid follows the Fourier transform of the radial
distribution function of the ions, also known as the structure factor. The modified nearly free
electron model considers metals with unfilled d-band (Evans et al., 1971; Gaspari and Gyorffy,
1972; Shvets, 1982). The modification considers the additional scattering from s-electrons in the
d-band, also referred to as d-resonance scattering, which represents an additional scattering
mechanism in the liquid state.

1.5

Aim of this thesis

The first objective of this thesis was to assess the validity of Stacey and Anderson’s hypothesis.
This was approached via ρ measurements of Au, a metal with a filled d-band, at high temperatures
from 2-5 GPa in a 1000-ton cubic anvil press. Results are compared with measurements on other
filled (Zn, Cu, Ag) and partially filled (Co, Ni, Fe) d-band metals from the literature. This
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behavior of ρ along the melting boundary is later revisited with Fe-Si and Fe-Ni-Si alloys. The
second objective of this thesis was to evaluate the effects of Si and Ni on ρ of solid and liquid Fe.
This was approached via ρ measurements of Fe-xSi (where x is 2, 8.5 and 17 wt%) and Fe10wt%Ni-10wt% up to liquid temperatures and 24 GPa in a 3000-ton multi anvil press. The
pressure-dependencies observed in each composition are used to estimate the heat flow at the top
of the cores of Earth, Moon, Mercury, and Venus. The large volume presses are illustrated in
Figure 1-4.

Figure 1-4: (Left) 1000-ton cubic anvil press (Right) 3000-ton multi anvil press.
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Chapter 2

2

Decreasing Electrical Resistivity of Gold along the Melting
Boundary up to 5GPa

A version of this chapter has been published as:
Berrada, M., Secco R.A., Yong W. (2018) Decreasing electrical resistivity of gold along the
melting boundary up to 5 GPa, High Pressure Research, 38(4): 367-376.
Additional pictures of the recovered samples are displayed in Appendix C.

2.1 Introduction
Stacey and Anderson (2001) derived a semi-empirical expression stating that the electrical
resistivity of a pure metal is invariant along the pressure-dependent melting boundary, as
described below:
[

𝜕𝑙𝑛𝜌
] =0
𝜕𝑃 𝑇𝑀

(2.1)

where ρ is electrical resistivity, P is pressure, and TM is melting temperature and varies with P. In
other words, the measured electrical resistivity along the melting boundary, at low pressure, could
serve as a proxy to determine the resistivity at much higher pressures. This has a potentially
significant application to the Earth’s deep interior since the resistivity at the solid inner - liquid
outer core boundary (Inner-Core Boundary, ICB), which is a solidification (i.e., melting)
boundary of predominantly iron, could be determined from a lower pressure value of resistivity
along the melting boundary of iron. Stacey and Loper (2007) proposed that only metals with
conduction electrons of the same type (e.g., s-electrons) will exhibit invariant resistivity along
the melting boundary. Most transition metals have partially filled d-bands which can be occupied
by s-conduction electrons via s→d electron scattering. This scattering mechanism of transition
metals is significant as the scattered s-electrons into these unoccupied states are less mobile due
to their higher effective mass, which increases the electrical resistivity. Previous studies reported
the behavior of filled [Zn (Ezenwa and Secco, 2017a), Cu (Ezenwa et al., 2017), Ag (Littleton et
al., 2018)] and partially filled [Co (Ezenwa and Secco, 2017b) and Ni (Silber et al., 2017)] dband transition metals. The electrical resistivity of Cu and Ag along the pressure-dependent
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melting boundary was found to decrease, while that of Ni, Co and Zn were found to be invariant.
Yet, Stacey and Loper’s (2007) expression implies that Cu and Ag should instead exhibit
invariant electrical resistivity, while Co was not expected to be invariant. These experimental
studies showed unexpected results which motivate further investigation. The purpose of the
current study is to measure the electrical resistivity of solid and liquid gold (Au) at high pressures
and temperatures with the focus on understanding resistivity behavior along the melting
boundary. To our knowledge, the electrical resistivity of Au has only been previously measured
at 1atm and up to 1740K as reported by several studies and collected by Matula (1979). Based
on the large and abrupt increase of resistivity on melting of Au, we also derive melting
temperatures, and these are compared to other experimental and theoretical studies (Akella and
Kennedy, 1971; Arafin et al., 2013; Decker and Vanfleet, 1964; Errandonea, 2010; Hieu and Ha,
2013; Mirwald and Kennedy, 1979; Mitra et al., 1967; Tam et al., 2010). Finally, we calculate
the electronic component of the thermal conductivity of Au and compare to measurements of the
total thermal conductivity at 1 atm as collected by Ho et al. (1972). If Stacey and Loper’s (2007)
hypothesis is found to be valid through this investigation on Au, the invariant behavior of
resistivity presents an opportunity to settle the debate on the electrical resistivity value at Earth’s
core. In fact, the magnitude of the thermal conductivity of Earth’s core has recently become
particularly controversial, with new calculations indicating a conductivity up to four times larger
than previously accepted (de Koker et al., 2012; Pozzo et al., 2012a; Pozzo et al., 2012b;
Pourovskii et al., 2020).

2.2

Experimental Details

Each of the experiments conducted at 2-5 GPa in this study used a pressure cell design developed
and described by Ezenwa and Secco (2017a). A 1000-ton cubic anvil press was used to attain
these pressures and is described by Secco (1995). High temperatures were generated by passing
an alternating current through a cylindrical annulus of graphite which surrounded the Au wire
sample (99.999% purity, Alfa Aesar) housed in boron nitride (BN).
The electrical resistivity was measured using a four-wire technique which consisted of two TypeC thermocouples (W5%Re-W26%Re). A Keysight B2961 power supply provided a direct current
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of 0.2 A through the thermocouples (TC) while the voltage drop across the Au sample was
measured using a Keysight 34470A data acquisition meter operating at 20 Hz and 1µV resolution.
A current polarity switch allowed the averaging of the measured voltages for current passing in
opposite directions at a particular temperature. An illustration of the pressure cell and the fourwire measurement technique is given in Ezenwa and Secco (2017a).
The samples had an initial diameter of 0.51 mm and length of 1.27 mm. The geometry and thermal
insulation of the sample were both preserved using a zirconia sleeve around, and disks on top and
bottom of, the sample. After each experiment, the pressure cell was ground down until the
maximum size of wire diameter in cross-section was reached as measured with a Nikon SMZ2800
microscope. The sample geometry was determined by averaging at least 10 diameter and length
measurements. Similarly, the temperature of each data point corresponds to the average
temperature reading prior to and following the voltage drop measurement.
The errors on resistivity were calculated using the standard error propagation method from the
uncertainty in the geometry of the post-experiment sample, along with the standard deviation of
the voltage drop at each temperature. The error on the melting temperature was set as the
difference between the temperature of the last solid phase measurement and that of the first liquid
phase measurement. Similarly, the uncertainty on the pressure value was ±0.25 GPa,
corresponding to the pressure-calibration of the press in prior runs and the thermal pressure
during the high temperature experiments, which was indicated by the slight increase in the oil
pressure on the pressure gauge. The composition of the sample and TCs after retrieval from the
recovered pressure cell was determined using a JEOL JXA-8530F field-emission electron
microprobe operating with a 50 nA probe current, 20 kV accelerating voltage, and 100 nm spotsize beam.

2.3
2.3.1

Results
Recovered Sample

A cross-sectional view of the Au wire sample recovered from an experiment at 4 GPa and 1749
K is shown in Figure 2-1A alongside the microprobe image and results in Figure 2-1B. The inset
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table shows the elemental compositions at the annotated locations. The analysis showed no
contamination between the Au sample and the TCs. Figure 2-1A shows a distinct boundary
between the Au wire sample and the surrounding BN, implying no Au diffusion into BN. In
addition, Figure 2-1A shows a TC slightly penetrating the sample, which deformed the
rectangular cross-section and forced the averaging of diameter and length measurements. Similar
results regarding the containment and composition of the post-experiment sample were obtained
for all other experiments.

Figure 2-1: (A) Cross-sectional view of the Au wire sample recovered after an
experiment at 4 GPa and 1749K. Type C (W5%Re-W26%Re) thermocouples (TC)
were used to measure temperature and voltage drop across the sample. The TC
junctions are in direct contact with the ends of the Au wire. (B) Microprobe
analysis of the sample in (A). The results of probed locations are tabulated and
labelled on the sample. The horizontal strikes visible on the sample in (A) are
caused while sanding.

2.3.2

Electrical resistivity

As shown in Figure 2-2, the electrical resistivity of solid and liquid Au at pressures of 2-5 GPa is
plotted as a function of temperature and compared to the recommended 1 atm data set from
Matula (1979). As expected for a metal, the electrical resistivity decreased as a function of
pressure and increased as a function of temperature in both the solid and liquid phases (Secco
and Schloessin, 1989; Ezenwa and Secco, 2017c). The observed discontinuity at high
temperatures indicated the solid-liquid phase transition of Au. The inset plot in Figure 2-2
displays the natural logarithm of the resistivity value of the first liquid measurement with respect
to pressure. The best fit incorporates the 1 atm value (Matula, 1979), and the resulting slope,
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(∂lnρ/∂P)melt = (-0.027±0.003) GPa-1, indicated the electrical resistivity along the melting
boundary decreases with pressure.

Figure 2-2: Measured electrical resistivity of Au at
pressures of 2-5 GPa as a function of temperature
compared to 1 atm data (Matula, 1979). The insert figure
shows the natural logarithm of the electrical resistivity at
the first liquid as a function of pressure. The best fit line
has a slope decreasing with pressure at a rate of (-0.027 ±
0.003) GPa-1.

2.3.3

Melting boundary

The melting temperatures at each pressure were determined by the average of the temperature of
the last solid phase and the temperature of the first liquid phase that bracketed the melting process
shown by the jump on the resistivity plot. The melting temperatures of Au at 2-5 GPa are
compared to other experimental and theoretical studies (Akella and Kennedy, 1971; Arafin et al.,
2013; Decker and Vanfleet, 1964; Errandonea, 2010; Hieu and Ha, 2013; Mirwald and Kennedy,
1979; Mitra et al., 1967; Tam et al., 2010) in Figure 2-3 and are in good agreement with four
previous studies that indicate consistently lower melting temperatures than the other studies. The
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slope obtained for the melting boundary, dT/dP = (48±2) KGPa-1, agrees with the lower melting
temperature trend.

Figure 2-3: Melting temperature of Au as a function of pressure
compared to previous studies (* indicates theoretical studies). The
melting temperatures at each pressure are averaged from the
temperatures prior to and post melting. The error bars represent
one standard deviation of the uncertainty in pressure and
temperature.

2.3.4

Thermal conductivity

Difficulties in obtaining well-controlled temperature gradients at high temperatures makes direct
measurements of thermal conductivity challenging under high pressure conditions. Conveniently,
the Wiedemann-Franz law allows the electronic component of thermal conductivity, ke, which is
the dominant component in metals, to be calculated from the measured electrical resistivity, ρ:
𝐿𝑇/𝜌 = 𝑘𝑒

(2.2)

where L is the Lorenz number. To our knowledge, the Lorenz number of Au at high pressures
and high temperatures has not been determined, and hence, the theoretically defined Sommerfeld
value of the Lorenz number, 2.44∙10-8 WΩK-2, was used. The calculated electronic thermal
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conductivity of Au at each pressure is plotted as a function of temperature and is compared to the
calculated values from the 1 atm electrical resistivity data (Matula, 1979), along with values of
total thermal conductivity measured at 1 atm (Ho et al., 1972) in Figure 2-4. Thermal conductivity
is expected to decrease as a function of temperature and increase as a function of pressure in both
the solid and liquid phases (Klemens and Williams, 1986), as our data generally show.

Figure 2-4: Electronic component of thermal conductivity of Au at
pressures 2-5 GPa as a function of temperature calculated from the
electrical resistivity data in Figure 2-2, using the Wiedemann-Franz law
with the Sommerfeld value of the Lorenz number. The data are compared
to those calculated from the electrical resistivity reported at 1 atm
(Matula, 1979) and compared with the measured total thermal
conductivity at 1 atm (Ho et al., 1972).
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2.4
2.4.1

4. Discussion
Electrical resistivity

The negative slope of (∂lnρ/∂P)melt conflicts with Stacey and Loper’s (2007) prediction of
invariant behavior. To try to explain the observed behavior in our data, we investigate the
interaction between s and d-bands in Au under combined high pressures and temperatures.
Isotropic compression of a metal forces the contraction of the crystal lattice, enlarging the volume
of the Brillouin zone. The free electron model states that the Fermi surface expands upon
hydrostatic compression. This is supported by measurements of the de Haas-Van Alphen effect
on the noble metals, suggesting contact between the necks of the Fermi surfaces (111) and the
hexagonal faces of the Brillouin zone (Shoenberg, 1960). The Fermi level of a metal is of
importance regarding the interaction of the different conducting and non-conducting bands. The
filled 5d-band and the partially filled 6s-band of Au ([Xe]4f145d106s1) relate directly to Stacey
and Loper’s (2007) prediction. The 5d-band lies below the Fermi level, while the 6s-band
comprises the conduction band. According to Mott’s (1964) theory, the only possible interaction
in filled d-band metals is s-s scattering (i.e., scattering of electrons within the 6s-band) since the
fully occupied d-band does not allow s-d scattering. Yet, relativistic effects caused by the heavy
nucleus of Au forces the contraction of the 6s-band. As the inner shells contract, the nucleus
becomes more screened, which reduces the effective nuclear charge. This destabilization results
in an increased energy gap between the 6s and 5d bands, which makes s-d hybridization difficult
(Abdou et al., 2009).
The energy gap between the 5d and the Fermi level, which lies within the 6s-band, increases with
increased pressure, which only leaves s-electrons in the conduction band. The s-electrons also
experience a greater screening of the nucleus as the energy gap increases with pressure, which
contributes to a decrease in resistivity (Zallen, 1966). Distortions of the Fermi surface increase
with increased pressure and this increases the contact between the necks and Brillouin zone. The
enlarged contact enhances electron scattering at the zone boundary, leading to an increase in
resistivity. The overall effect of increasing pressure is a combination of these two antagonistic
effects.
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Electron-electron interactions are less common than electron-phonon interactions at ambient
conditions and at the high temperatures of this study. This results in an overall collision rate that
is proportional to the number of phonons. Bloch theory predicts that, above the Debye
temperature, the number of phonons is directly proportional to the temperature of a metal. The
Debye temperature of Au [178K at 1 atm (Ho et al., 1974)] is relatively low which means that
this temperature relation can be applied to all of the solid and liquid phases of Au in this study.
Thus, from Bloch theory, the electrical resistivity of Au is expected to increase linearly with
temperature. Our results on Au are consistent with recent results on other d-band filled transition
metals Cu (Ezenwa et al., 2017b) and Ag (Littleton et al., 2018). The decreasing behavior implies
an overall decrease in electron scattering in the liquid phase just after melting. This could be
explained by the change in structure from neck and body into a spherical Fermi surface at the
solid-liquid phase transition, which the free-electron model assumes for liquid metals. The effect
of pressure on the Fermi surface of the liquid phase results in an increased Fermi energy leading
to an increase in conduction electron number which appears to be enough to overcome the
temperature-induced effect of atomic disorder and increased phonon scattering and results in an
overall decrease in electrical resistivity on the melting boundary.

2.4.2

Thermal conductivity

In Figure 2-4, the temperature-induced effect on the calculated electronic component of thermal
conductivity shows a decrease but the pressure-induced effect on the thermal conductivity in the
solid phase is less definitive. While the expected effect of pressure on thermal conductivity can
be seen for the high-pressure datasets as they are higher than the 1atm data for most of the
temperature range in the solid, this trend is not observed for the 2 GPa dataset compared to the
data at other pressures. This may be explained by the variation in sample geometry (i.e., lack of
perfect cylindrical shape) since a very slight difference in measured geometry affects greatly the
calculated thermal conductivity of the sample in the solid phase. The calculated thermal
conductivity from the measured electrical resistivity in the liquid phase from 2-5 GPa decreases
slightly with increasing temperature, while that calculated from the 1 atm data (Matula et al.,
1979) shows a slightly increasing trend. However, within the uncertainty of our measurements,
an equally valid interpretation is a zero-temperature dependence of electronic thermal
conductivity of the liquid phase.
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The very good agreement between the calculated ke values and measured total thermal
conductivity values at 1 atm, especially for the liquid phase, demonstrates the dominance of the
electronic component over the phonon component in the total thermal conductivity of Au. On the
other hand, the value of the Lorenz number used at high pressure can be questioned. Secco (2017)
derived the following equation for the pressure dependence of the Lorenz number on the melting
boundary up to 5 GPa using experimental values of ρ and ke:

 ke
 dL 
=
 dP  melt boundary K T
T
5 GPa

 1 K dT




T 
−


 melt boundary 
 3 T  dP 5GPa


(2.3)

where KT is the isothermal bulk modulus. Using a value for KT of 167 ± 11 𝐺𝑃𝑎 (Heinz and
Jeanloz, 1984) for the solid phase of Au and 79 𝐺𝑃𝑎 estimated from (Singh et al., 2007) for the
liquid phase, equation (2.3) gives (−8.4 ± 0.6 ) and (−8.0 ± 2.0 ) ∙ 10−10 𝑊Ω𝐾 −2 𝐺𝑃𝑎−1 for

 dL 
 dP  melt boundary for solid and liquid Au, respectively. This pressure-dependent correction for L is
 5 GPa
found to lower and reduce the range of values by approximately 30%. The measured total thermal
conductivity at 1 atm (Singh et al., 2007) is lower than the calculated electronic component from
2-5 GPa, which agrees with the expected behavior in both the solid and liquid phases.

2.5

Conclusion

The temperature-dependence of the electrical resistivity of high-purity Au has been
experimentally measured at high pressures up to 5 GPa and at temperatures of ~300 K above
melting. The results showed a decrease of resistivity along the pressure-dependent melting
boundary, contrary to a prediction of resistivity invariance, and are interpreted in terms of
competing pressure and temperature effects on the electronic structure of liquid Au. Linear trends
as a function of temperature were observed at each pressure in both the solid and liquid phases.
The electronic component of the thermal conductivity was calculated via the Wiedemann-Franz
law using the Sommerfeld value of the Lorenz number. As a function of temperature, electronic
thermal conductivity decreased in both the solid and liquid phases while the pressure-induced
effect on thermal conductivity was less clear owing to the sensitivity of sample geometry
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measurements. Within experimental uncertainty, the high-pressure melting temperatures for Au
determined by the jump in resistivity fall within the range of melting temperatures found in
several other previous experimental and theoretical studies.
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Chapter 3
Review of Electrical Resistivity Measurements and
Calculations of Fe and Fe-alloys Relating to Planetary
Cores

3

A version of this chapter has been published as:
Berrada, M. and Secco, R. A. (2021). Review of Electrical Resistivity Measurements and
Calculations of Fe and Fe-alloys Relating to Planetary Cores. Frontiers Scientific Journals.
9(802).

3.1

Introduction

The current interest in direct measurements and modelling of electrical resistivity (ρ) originates
mainly from an interest in heat flow modelling of planetary cores. For terrestrial-like planetary
bodies that contain predominantly Fe cores, the applications are thermal evolution of the core,
which includes freezing of an inner core, and sustenance of a dynamo. To model core thermal
evolution, the adiabatic heat flow is needed and is normally calculated via the thermal
conductivity (k). Although ρ and k of metals are directly related through electron transfer of
charge and energy, respectively, the following quote indicates the tolerance for variation in each
of these properties in relation to our understanding of core processes. “A factor of two or so
uncertainty in ρ does not appear critical to dynamo theory but it has a strong impact on
calculations of the thermal regime of the core.” (Stacey and Anderson, 2001). The literature on
ρ of pure Fe is rich and the values are scattered while the reported data on Fe-alloys is more scarce
but less dispersed. The inconsistencies in measurements and modelling may be the result of
different techniques in addition to the range of pressures and temperatures attributed to planetary
cores. Much of the total work has been carried out in the past decade and Figure 3-1 shows the
cumulative number of papers published on ρ of pure Fe and Fe-alloys during the past half-century.
At the time of writing this article, the four studies labelled on Figure 3-1 combined for more than
1000 citations and are viewed as responsible for the increased rate of activity following their
publication. This review attempts to summarize both older and recent results to identify a range
of reliable and representative values for ρ of the cores of terrestrial-like planetary bodies
composed of pure Fe or Fe-alloys.
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Figure 3-1: Cumulative number of publications on theoretical and experimental
methods of estimating ρ of Fe, Fe-Ni, Fe-O and Fe-Si and S alloys at the core conditions
of Earth, Moon, Mercury, Mars, and Ganymede. This figure was manually generated
through an extensive literature search.

A general formulation of the core adiabatic heat flow is described as:
𝑞𝑎𝑑 = −𝑘𝑐

𝛼𝑔𝑇
𝐶𝑝

(3.1)

where kc is k of the core, 𝛼 is thermal expansion coefficient, 𝑔 is gravitational acceleration, T is
temperature at the top of the core, and 𝐶𝑝 is heat capacity at constant pressure (P). Direct
measurements of k are difficult to make at core-relevant P and T. In contrast, direct measurements
of electrical conductivity (σ), which is inversely proportional to ρ, are achievable with relatively
high accuracy. The two variables may be related through the electronic component of k (ke) with
the Wiedemann-Franz Law (WFL), where L is the Lorenz number:
𝑘𝑒 = 𝐿𝑇𝜎 = 𝐿𝑇/𝜌

(3.2)

Thermal conductivity is controlled by electrons and phonons, but the phonon contribution is
negligible in metals and metallic alloys (Klemens and Williams, 1986). In fact, the phonon
component of liquid Fe k at Earth's core conditions was found to be completely negligible with
respect to ke (Pozzo et al. 2013). The appropriate values of the Lorenz number for specific
compositions at relevant T are not well constrained. The theoretical value, the Sommerfeld value
(𝐿0 = 2.44∙10-8 W∙Ω∙K-2), has been shown to account for more than 99% of ke for Fe, suggesting
that its use at high T and P < 6 GPa is reasonable (Secco, 2017). Secco (2017) also found that L
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> L0 for Fe-Si alloys at high T and low P. The following relationship was developed from
measurements of the Seebeck coefficient of Fe up to 6 GPa and 2100 K (Secco, 2017):
[

𝑑𝐿
𝜌𝑘𝑒 1 𝐾𝑇 𝑑𝑇
( )
]
=
{ −
}
𝑑𝑃 𝑚𝑒𝑙𝑡 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦,<5 𝐺𝑃𝑎 𝐾𝑇 𝑇 3 𝑇 𝑑𝑃 𝑚𝑒𝑙𝑡 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦,<5 𝐺𝑃𝑎
𝑊Ω
= −3.98 ∙ 10−10 2
𝐾 𝐺𝑃𝑎

(3.3)

where KT is isothermal bulk modulus. For metals in general, ρ is governed by the scattering rate
of conduction electrons. Similarly, the Lorenz number has been shown to be both lower and
higher than L0 depending on the state and composition of the system (Pozzo et al., 2012; 2013;
2014; 2016a; 2016b; de Koker et al., 2012; Xu et al., 2018; Pourovskii et al., 2020). The scattering
rate of conduction electrons is affected by electron-phonon, electron-magnon, and electronelectron interactions. Electrical resistivity is proportional to the inverse of the electron mean free
path (d), which is proportional to the amplitudes of atomic vibrations (A) and thus proportional
to T:
𝜌∝

1
∝ 𝐴2 ∝ 𝑇
𝑑

(3.4)

Electron-phonon interactions are electron scattering caused by lattice vibrations and are relatively
negligible at low T. At high T, the occupation of phonon density of states shifts toward higher
energy states which increases the frequency of collisions with conduction electrons. Electronmagnon interactions, or spin-disorder scattering, is only relevant in ferromagnetic metals such as
Fe and their ferromagnetic alloys. This interaction increases scattering as a function of T2 up to
the Curie T (Tc) and dominates ρ up to approximately 300 K. In Fe-alloys, the interaction of
electron-lattice defects (including impurities) also affects the scattering rate of conduction
electrons. An increase in lattice defects causes electron structure perturbations and shorter
electron mean free paths, which results in a larger ρ. The interactions between electrons and lattice
defects dominate over the electron-phonon, electron-magnon and electron-electron interactions
at low T. Overall, the net effect of T is to increase ρ, while ρ decreases with P as the decreased
amplitude of lattice vibrations increases the electron mean free path. The Ioffe-Regel criterion
argues that the growth of resistivity is reduced with T increase, i.e., saturates, as the electron mean
free path approaches the interatomic distance (Mooij, 1973; Wiesmann et al., 1977; Gurvitch,
1981). Bohnenkamp et al. (2002) estimated a saturation value of 1.68 μΩm for Fe at 1 atm and
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up to 1663 K, while there are variations in the saturation value of Fe-Si alloys at high P (Gomi et
al., 2016; Pozzo and Alfe, 2016a; Kiarasi and Secco, 2015). Gomi et al. (2013) were the first to
propose the idea of resistivity saturation for Fe at Earth core conditions, however, recent work
(Zhang et al., 2020) provides contradictory results and suggests resistivity saturation behavior
was an experimental artifact. Pozzo et al. (2022) suggests that not reaching sufficiently high
temperatures could lead to the lack of saturation effect in certain experiments, as the effect is
observed near 3600 K for pure Fe (Pozzo and Alfe, 2016a) and 3100 K for Fe-Si alloys (Inoue et
al., 2020).

3.2
3.2.1

Methods of Electrical Resistivity Determination
Theory: First-Principles Calculations

Initially meant to describe the diffusion of gases in the atmosphere, Boltzmann (1894) developed
the following equation that considers the electronic band structure, phonon dispersion and
electron-phonon interactions:
𝜌=

𝜋Ω𝑘𝐵 𝑇
𝜆
𝑁(𝜀𝐹 )〈𝑉𝐹2 〉 𝑡𝑟

(3.5)

where 𝑁(𝜀𝐹 ) is the electronic density of states per atom per spin at the Fermi energy (εF) level,
𝑘𝐵 is the Boltzmann constant, Ω is the unit cell volume, 𝑉𝐹 is the Fermi velocity, and 𝜆𝑡𝑟 is the
transport coefficient. This work was followed by the introduction of the Free Electron model by
Sommerfeld (1928), based on the classical Drude model of electrical conduction (Drude, 1900a,
1900b) and Fermi-Dirac statistics describing the distribution of particles over energy states. The
model predicts σ from the electron density, the mean free time (time between collisions), and the
electron charge. The model includes many relations, including the Wiedemann-Franz law, the
Seebeck coefficient of the thermoelectric effect and the shape of the electronic density of states
function. In their analysis of Earth’s magnetic field variations, Elsasser (1946) estimated the ρ of
a pure Fe core from the theory of electronic conductivity, which states that σ is inversely
proportional to the absolute T and directly proportional to the square of the Debye temperature
(ΘD).

30

𝜌 ∝ Θ𝐷−2

(3.6)

The Debye temperature is proportional to the sound velocity and the acoustic phonon cut-off
frequency and inversely proportional to volume (Kittel, 2005). Ziman (1960) later described the
Nearly-Free Electron model, which is based on the behavior of electrons, ions, and holes. In the
Free Electron model, all energy states from 0 to ∞ are allowed, whereas the Nearly-Free Electron
model allows for weak perturbations of electrons by periodic potential ions. Following this idea,
Ziman (1961) developed a theory for the behavior of liquid metals. This model was modified by
Evans et al. (1971) to include a transition matrix term, introducing a more complex method of
calculating ρ of a metallic liquid for metals that have empty d-band states into which sconduction electrons may jump (s-d transitions):
𝜌=

3𝜋Ω0 1
∫ 4𝑥 ∙ 𝑎(2𝐾𝐹 𝑥) ∙ |𝑡(𝑥)|2 𝑑𝑥
𝑒 2 ℏ𝑉𝐹2 0

(3.7)

where e is the electron charge, 𝐾𝐹 is the radius of the Fermi surface, 𝑞 = 𝐾 − 𝐾′ relates to the
scattering angle of the Fermi surface, Ω0 is the atomic volume of the liquid, 𝑎(𝑞) [normalized to
𝑎(2𝐾𝐹 𝑥)] is the structure factor, ℏ is the modified Planck constant, 𝑡(𝐾, 𝐾 ′ ) is the transition
matrix that describes the scattering cross-section related to s-electron to d-band (s-d) scattering,
𝑞

and x is 2𝐾 . While this formulation focuses on the liquid state of a metal, Mott (1972) and Mott
𝐹

(1980) derived a relationship for the solid state of a metal. Mott’s theory considers the thermal
and impurity contributions, as well as a magnetic contribution in ferromagnetic metals. The
theory describes the relationship between ρ and the area of the Fermi surface (SF). The
relationship can be written as follows:
𝜌=

12𝜋 3 ℏ
𝑆𝐹 𝑒 2 𝑑

(3.8)

The more complex, and commonly used, Kubo-Greenwood formula (Kubo, 1957; Greenwood,
1958) describes the frequency dependent electron conductivity and yields the linear contribution
to the current response. The T dependence of ρ, which is related to electron-phonon interactions,
is described by the Bloch–Grüneisen equation. Combined with the Bloch–Grüneisen equation for
ρ as a function of volume (V) and T, the Kubo–Greenwood equation can be written as follows:
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𝑉 𝑎
𝑉 𝑏 𝑇
𝜌(𝑉, 𝑇) = 𝜌0𝑅 [ ] + 𝜌1𝑅 [ ]
𝑉𝑅
𝑉𝑅 𝑇𝑅

(3.9)

where a and b are constants relating to the volume dependence of the vibrational frequencies, the
subscript R refers to the reference state, and 𝜌0𝑅 and 𝜌1𝑅 are composition-dependent model
parameters (de Koker et al., 2012). The electronic structure of a system can be investigated via
Density-Functional Theory (DFT), which mainly describes the potential energies of a system.
The DFT approach investigates an approximate solution to the Schrödinger equation in 3D based
on the electron density, which results in solutions for ion-electron, ion-ion, and electron-electron
potential energies (Argaman and Makov, 2000). Often used in combination with DFT, the
dynamical mean field theory (DMFT) is a powerful numerical approximation of the potential of
a many-particle system, such as electrons in solids. Comparing DMFT results with those from
pure DFT calculations allows the quantification of the electron-electron scattering contribution
to conductivities (Pourovskii et al. 2020). In particular, pure DFT calculations are found to
overestimate the electrical conductivity by 24%, so they underestimate the resistivity by 9%.
(Pourovskii et al. 2020). The complex many-particle system is studied by reducing it to a simpler
single-particle system with an external mean field. The external field essentially accounts for the
other particles in addition to the interactions and local quantum fluctuations that would occur in
the many-particle system (Vollhardt et al., 2012). Korell et al. (2019) and Drchal et al. (2019)
investigated the effects of magnetism on the electronic properties of metals via the KuboGreenwood equation along with DFT and the Tight-Binding Linear Muffin-Tin Orbital method
(a method of calculating short-range transitions between electrons in s-, d- and f- orbitals),
respectively. Korell et al. (2019) suggested that spin polarization must be accounted for in order
to reconcile the first-principle calculations of ρ with measurements. In addition to drawing a
similar conclusion, Drchal et al. (2019) suggested that the contributions of the various scattering
mechanisms (caused by electron-phonon interactions, electron-magnon interactions, electronelectron interactions, and electron-lattice defects) are comparable but not additive. Through these
first-principle calculations which require values of the thermal properties at a reference P and T,
theoretical studies are able to estimate ρ of any metal or metal-alloys.
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3.2.2
3.2.2.1

Experiments
Static: Multi-Anvil Press

Static experiments are typically carried out in a multi-anvil press. A typical multi-anvil press uses
hydraulic pumps to drive uniaxially a hydraulic ram to compress a pressure cell located at the
center of an arrangement of tungsten carbide (WC) anvils. In the 3000-ton press at the University
of Western Ontario for example, there are 3 steel wedges on the bottom and 3 wedges on the top
part of the pressure module. The wedges provide a nest for eight truncated WC cubes that house
and converge on an octahedral pressure cell assembly. The octahedral cell may vary in size
depending on the truncation edge length (TEL) of the WC cubes. The TEL may vary from 3 to
25 mm, and the smallest sizes are used to reach higher P, albeit on smaller sample volumes. The
octahedral pressure cells are usually composed of Magnesium Oxide (MgO) which provides a
balance between machinability, low k and hardness that allows for efficient conversion of applied
force to the sample inside. With compression, the octahedral cell extrudes out between the WC
cubes creating gaskets. Similarly, other multiple anvil apparatus designs such as the cubic anvil
press, which consists of six WC anvils that compress a cubic pressure cell assembly made
typically of the mineral pyrophyllite, creates gaskets as the cell extrudes out between the anvils.
The insulating material, furnace, sample, and electrodes are placed inside the cell, and arranged
co-axially in a hole connecting two opposite faces. Elevated temperatures are generated by Joule
heating of an electrically resistant furnace, typically made of graphite, lanthanum chromite or
rhenium foil, surrounding the sample. The electrical resistance (R) of the sample is measured with
a four-wire method, where a pair of thermocouple wires is placed at each end of the sample. Each
pair acts as a temperature sensor, while opposite pairs are assigned as potential and current leads
in a switchable circuit configuration. The electrical resistivity is then calculated using the
following equation which combines Ohm’s law and Pouillet’s law:
𝜌=

∆𝐸 𝐴
∙
𝐼 𝑙

(3.10)

where ΔE is the voltage drop across the sample, I is the input current, 𝐴 is the cross-sectional area
of a wire-shaped sample and 𝑙 the length of the sample. The general experimental methods for
multi-anvil apparatuses are described in more detail by Liebermann (2011) and Ito (2015).
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3.2.2.2

Static: Diamond-Anvil Cell Experiments

A Diamond-Anvil Cell (DAC) consists of two opposing gem-quality diamonds that enable the
compression of small (~10-4 mm3 scale) samples placed between the two diamond culets.
Applying moderate force generates high pressures due to the small diameter, typically 50-250
µm, of the culet. Considering that P is applied uniaxially, a metal gasket with a hole drilled to
form the sample chamber provides lateral support. A pressure-transmitting medium such as a gas
(Ne, Ar, He, N2) in the sample chamber must be added to obtain hydrostatic pressure but for high
T experiments a solid medium (SiO2, KCl, Al2O3, KBr, NaCl) is often used. The system is
therefore translucent and allows for the use of XRD to determine the crystallographic structure
of the sample. The two main pressure scales are the equation of state of a reference material and
the shift in ruby fluorescence lines, although the latter is less reliable at high T. The equation of
state describes the relationship between P, T, and V. Measurements of changes in V are compared
with a known V-P relation in order to determine the experimental P. The second pressure scale
relies on the P-dependent shift in fluorescence wavelength of an irradiated ruby included in the
sample chamber. The sample is insulated from the gasket by adding a layer of insulating material,
such as Al2O3. High temperatures can be achieved with single or double-sided laser heating or by
internal resistive heating of a metal element, which may be the sample itself. Resistive heating
allows for the precise measurement of T with thermocouples but is limited by the oxidization of
diamond in air at approximately 973 K. Laser heating can achieve much higher T (up to 7000 K),
although large T gradients can exist, and care is needed to locate the sample measurements in a
relatively uniform T-field. A common method for measuring the sample resistance in DAC
experiments is the Van der Pauw method. This method is used for samples of arbitrary shape, as
long as the sample is approximately two-dimensional such as a sheet or foil. Four electrodes are
connected to the perimeter of the sample. Two opposite electrodes serve as potential leads, which
can be machined within the same foil as the sample or carefully connected manually and fixed
by applying pressure. The ρ of the sample at a particular P can be calculated as follows:
1

𝑉 3 𝑅
𝜌 = 𝜌0 ( )
𝑉0 𝑅0

(3.11)

where the subscript zero refers to the ambient conditions. The experimental methods for DAC
are described in more detail by Mao and Mao (2007) and Anzellini and Boccato (2020).
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3.2.2.3

Dynamic: Shock Compression Experiments

Shock compression is a dynamic method of generating high pressures which can be used in
conjunction with an experimental configuration that allows determination of the physical
properties of a sample, usually conducted in a vacuum. This apparatus consists of using
compressed gas and/or gunpowder to launch a metallic projectile onto a stationary sample. The
collision generates a strong shock wave that results in simultaneous high P and high T across the
sample. The projectile, typically referred to as a flyer plate and made of W or Fe, accelerates to
the desired velocities on the order of a few km/s (Bi et al., 2002). A high P, T conductivity zone
propagates through the sample under shock compression. The σ of the sample can be measured
by contact or contactless methods. The contactless method requires the remote probing of the
sample by optical and electromagnetic field sources, which results in values of the impact velocity
of the flyer and shock velocity. The arrival of the shock waves generates two electromotive forces
that relate to the product of σ and thickness of sample (Gilev, 2011). The contact method requires
typically four electrodes placed in contact with the sample. Two electrodes provide the voltage
measurements while the other two are used to input constant current. The interface temperatures
are usually measured with an optical pyrometer (Gilev, 2011). The most fundamental shock wave
characteristic of the sample is its principal Hugoniot curve, which is formed by the locus of shock
states along a compression path from initial P, T, and density. The P, T and density properties at
the final state are obtained using a standard impedance matching method (Bi et al., 2002). In both
methods, σ can be calculated from:
𝜎𝐹 = (∆𝐸0 ⁄∆𝐸𝐹 )(𝑉0 ⁄𝑉𝐹 )𝜎0

(3.12)

where the subscripts 0 and F refer to the initial and final states, respectively, and 𝑉 is the specific
volume. The experimental methods for shock compression experiments are described in more
detail by Ahrens (2007) and Asimow (2015).
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3.3

Electrical Resistivity of the Cores of Terrestrial-Type

Bodies
3.3.1

Earth

It is widely accepted that the Earth’s core composition must be composed of Fe, Ni, and some
light elements in order to satisfy the core density (Birch, 1961, 1964; Jeanloz, 1979; Mao et al.,
1990). Approximately 10 wt% of light elements is expected in the outer core (Poirier, 1994;
Litasov and Shatskiy, 2016). In the inner core, approximately 3-8 wt% of light elements has been
suggested (Alfè et al., 2007; Badro et al., 2007; Mao et al., 2012). In addition to approximately
5-10 wt% Ni in the core, light elements include C, H, Si, O and S (Poirier, 1994; Stixrude et al.,
1997; Li and Fei, 2003; Alfè et al., 2007). Accordingly, the ρ of multiple Fe binary, ternary and
even quaternary alloys must be investigated.
Gardiner and Stacey (1971) used available ρ measurements of liquid Fe from the literature to
investigate the effects of T, P, and composition. They reported ρ of 0.25 µΩm at 2500 K and
3000 km, which corresponds to the Core-Mantle Boundary (CMB) depth. Similarly, they reported
0.69 µΩm at 5500 K and 5000 km, which corresponds to the Inner Core boundary (ICB). These
extrapolations were achieved by applying a P-dependence of ρ of solid Fe (Bridgman, 1957) to
measurements of liquid Fe at 1 atm (Baum, 1967), as shown below:
2

Θ𝐷
𝐷𝑃
𝜌𝑃 (𝑇) = 𝜌0 (𝑇) ( 0 )
Θ𝐷𝑃 𝐷0

(3.13)

where Θ is the Debye temperature, the subscript P refers to the final pressure, the subscript 0
refers to zero pressure, and D is density. Shock wave experiments by Keeler and Royce (1971)
reported a similar value of 0.67 µΩm at 140 GPa, which corresponds to CMB conditions.
However, it has been suggested by Bi et al. (2002) that the previous shock compression
experiments above 50 GPa underestimated ρ due to the shunting effect of epoxy, which is used
to fill gaps between the sample and insulator. Bi et al. (2002) conducted shock compression
measurements of σ of Fe up to 208 GPa, corrected for the shunting effect, and suggested a value
for ρ of 0.69 µΩm (2010 K, 101 GPa) at pressure conditions near the CMB and 1.31 µΩm (5220
K, 208 GPa) for temperature conditions near the ICB. Although these values represent a
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correction to previously underestimated values, they remain lower than the values reported by
Jain and Evans (1972). Jain and Evans (1972) carried out first-principle calculations using the
Nearly-Free Electron model and reported ρ of a pure Fe core between 1.00-2.00 µΩm. These
higher values agree with direct measurements by Secco and Schloessin (1989), who used a largevolume press to measure ρ of Fe up to 7 GPa and above the melting T. The similarities in their
measurements with calculations of the density of state functions at low and high P suggest ρ of
an Fe solvent is probably between 1.2-1.5 µΩm at outer core conditions.
A theory was developed by Stacey and Anderson (2001) suggesting a constant ρ along the melting
boundary of pure metals such as Fe, based on a cancelling of the decreasing effects of P on ρ by
the increasing effects of T on ρ. The description of their analysis, rooted mainly in thermo-elastic
considerations, begins with the theory of electronic conductivity, as mentioned earlier by Elsasser
(1946), while also considering the electron energy. According to the Free-Electron model and the
approximation of the electron energy at the Fermi surface, the total energy varies with volume as
V-2/3. This term is multiplied by the inverse square of the Debye T in equation (3.6) to calculate
ρ. Stacey and Anderson (2001) then extrapolated ρ of Fe at 140 GPa (Matassov, 1977) and 2180
K (Anderson, 1998) to core temperatures and reported values of 1.22 µΩm at CMB and 1.12
µΩm at ICB, in agreement with earlier estimates (Jain and Evans, 1972; Secco and Schloessin,
1989; Stacey and Anderson, 2001). Stacey and Loper (2007) revised the theory of constant ρ
along the melting boundary and suggested that the constant behavior only applies to electronically
simple metals with filled d-bands such as Cu but not Fe. They reported a revised ρ of Fe of 3.62
µΩm at the CMB and 4.65 µΩm at the ICB, higher than the values reported thus far. Experiments
on several simple metals showed the ρ invariance prediction of Stacey and Loper (2007) to be
over-simplified as ρ of Cu (Ezenwa et al., 2017), Ag (Littleton et al., 2018), Au (Berrada et al.,
2018), all decrease on their pressure-dependent melting boundaries whereas Zn (Ezenwa and
Secco, 2017a), Co (Ezenwa and Secco, 2017b), Ni (Silber et al., 2017) and Fe (Silber et al., 2018;
Yong et al., 2019) all show invariant ρ along the melting boundary. Similarly, Davies (2007)
revised the results of Stacey and Anderson (2001) and Bi et al. (2002) by correcting for T at the
top of the core (~4023 K, 135 GPa), which suggested a ρ of 1.25-1.9 µΩm for Fe at CMB
conditions.
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First-principle calculations using the Boltzmann equation suggested ρ of 0.75 µΩm for solid εFe at ICB conditions (Sha and Cohen, 2011), while using the Kubo–Greenwood equation via the
Bloch–Grüneisen equation on liquid Fe suggested a ρ of ~0.61-0.69 µΩm at core conditions (de
Koker et al., 2012). These results are comparable with first-principle calculations of transport
properties based on DFT on liquid Fe alloy mixtures by Pozzo et al. (2012) who reported a value
of 0.64 µΩm at the ICB, and 0.73-0.74 µΩm at the CMB. Soon after this work, Pozzo et al.
(2013) used first-principle simulations from DFT calculations with the Kubo-Greenwood relation
to obtain k while ρ was independently calculated from σ. The appropriate Lorenz number for
liquid Fe (2.47-2.51·10-8 WΩK-2) was then calculated using the Wiedemann-Franz law. Their
results also showed 0.64 µΩm for Fe at the ICB, and 0.747 µΩm at the CMB. First-principle
calculations combined with molecular dynamic simulations on solid Fe by Pozzo et al. (2014)
suggested lower values of 0.50-0.53 µΩm at ICB conditions. Pozzo and Alfè (2016a) extended
the set of calculations of core ρ of ε-Fe by Pozzo et al. (2014) to lower temperatures in order to
investigate the T dependence of ρ. Their results suggested that ρ increases linearly with T and
eventually saturates at high T, implying ρ of Fe of ~0.72 µΩm not far from CMB conditions
(4350 K, 97 GPa) and ~0.54 µΩm at Earth’s center (6350 K, 365 GPa), comparable to previous
results mentioned above. This study is also in agreement with DAC experiments up to 70 GPa
and 300 K by Gomi and Hirose (2015), who suggested values of 0.537 (+0.049/-0.077) µΩm and
0.431 (+0.058/-0.095) µΩm at CMB (3750 K, 135 GPa) and ICB (4971 K, 330 GPa) conditions
respectively. In contrast, extrapolations of DAC measurements from 26 and 51 GPa up to 2880
K, assuming resistivity saturation, suggested the ρ of Fe is 0.404 (+0.065/-0.097) µΩm at CMB
conditions (Ohta et al., 2016). However, in the first study to measure k of Fe at CMB conditions,
Konôpková et al. (2016) measured the propagation of heat pulses across Fe foils in a DAC, up to
130 GPa and 3000 K, and then modelled the T and P dependences of ρ. They derive ρ of Fe of
3.7 ± 1.5 µΩm at the outer core. Although in agreement with the high values reported by Stacey
and Loper (2007), this value is higher than the saturation resistivity of 1.43 µΩm suggested by
Xu et al. (2018). Xu et al. (2018) computed the electron-phonon and electron-electron
contributions to the ρ of solid ε-Fe, from first-principle calculations and molecular dynamics.
They suggested values of 0.998 µΩm and 1.008 µΩm at ICB (6000 K, 330 GPa) and CMB (4000
K, 136 GPa) respectively. Their results also suggested that previous DAC data (Ohta et al., 2016)
may have overestimated the saturation effect. Zhang et al. (2020) proposed that the saturation
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effect observed at high T by Ohta et al. (2016) should be considered an experimental artifact due
to the incorrect positioning of the laser over the sample during heating and inaccurate geometries
of the four-probe method. First, the misalignment of the laser during heating generates a large T
gradient across the sample. The ρ measurements at high T are then dominated by the colder
regions, leading to lower ρ values. Secondly, the measurement uncertainties are expected to be
significantly larger than the reported values considering the small size of the sample compared
to the location of the electrodes. The geometries of the assembly essentially result in a two-probe
method. While considering these key factors, Zhang et al. (2020) used first-principle calculations
to compare with their ρ measurements of ε-Fe up to ~170 GPa and ~3000 K in a laser heated
DAC using the Van der Pauw method. Their analysis suggested a ρ of 0.80±0.05 µΩm at CMB
conditions (4000 K, 136 GPa). However, it is possible that this experimental temperature (~3000
K) is not high enough to be able to detect the onset of the saturation effect (Pozzo et al., 2022).
Nonetheless, values obtained from DAC measurements extrapolated based on the resistivity
saturation model (Gomi and Hirose, 2015; Ohta et al., 2016) are thus expected to be almost
doubled according to the results of Zhang et al. (2020). However, these results remain lower than
those extrapolated from multi-anvil press measurements (Secco and Schloessin, 1989; Yong et
al., 2019). For example, the reported value from Yong et al. (2019) is 1.6x higher than that from
Zhang et al. (2020). While Yong et al. (2019) reported measured values of ρ of Fe on the liquid
side of the melting boundary, their reported value for ρ at the CMB was linearly extrapolated to
200 GPa based on the P-dependency observed between 14-24 GPa. Zhang et al. (2020) assumed
a 10% increase resistivity on melting but only extrapolated from 133 GPa to 136 GPa. In general,
the differences in values for ρ at the CMB reported from multi-anvil and DAC experimental
studies may arise from uncertainties from large extrapolations, from predispositions specific to
each method such as errors in sample geometries, temperature homogeneity of heated sample
region, lack of sample symmetry, possible thermoelectric effects, and other parasitic voltages,
etc.
Silber et al. (2018) reported an invariant behavior of Fe ρ at ~1.2 µΩm, from direct measurements
in a multi-anvil press up to 12 GPa and at liquid T. A similar method was used by Yong et al.
(2019), who carried out static experiments in a 3000-ton multi-anvil press from 14-24 GPa into
the liquid. Their results suggested an invariant ρ of liquid Fe of 1.20 ± 0.02 µΩm along the
melting boundary. However, a statistical linear regression of their measurements, in order to
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account for the effect of P, suggested a slight deviation from invariant behavior to 1.28 ± 0.09
µΩm along the melting boundary of Fe at 200 GPa. Wagle and Steinle-Neumann (2018) focused
on the behavior of liquid Fe from first-principle calculations based on Ziman’s theory on liquid
metals. Combining their ICB value of 0.58 µΩm for ε-Fe with the literature values of liquid FeSi/S alloys (de Koker et al., 2012; Pozzo et al., 2014), ρ of outer core is expected to be up to 36%
larger than that of the inner core. In contrast, estimations of pure Fe from DFT and molecular
dynamics suggested almost no increase between ICB and CMB conditions, from 0.60 ± 0.27
µΩm to 0.67 ± 0.27 respectively (Wagle et al., 2019). Recent DFT simulations by Pourovskii et
al. (2020) accounted for electron-electron interactions at high T and suggested an inner core ρ of
0.637 µΩm for pure Fe, in general agreement with the lower values mentioned above. Pourovskii
et al. (2020) applied DFT and DMFT to Fe and concluded that thermal disorder suppresses the
non-Fermi-liquid behavior of bcc Fe which reduces electron-electron scattering at high T. The
variations among pure Fe results seem to range between 0.25 µΩm (Gardiner and Stacey, 1971)
and 3.7 ± 1.5 µΩm (Konôpková et al., 2016), and may not simply be attributed to the method
used.
The thermal properties of Fe-Ni alloys show similar variations. Gardiner and Stacey (1971) also
estimated ρ of Fe with up to 25 wt% of light element (Ni, S, Si, MgO). Their results indicate an
upper bound of 2.77 µΩm at CMB conditions and 6.03 µΩm at ICB conditions. Direct
measurements at 1 atm up to ~1373 K by Johnston and Strens (1973) show comparable results.
Assuming ρ at core pressures is smaller than that at 1 atm, Johnston and Strens (1973) suggested
that ρ should not exceed 2.0 µΩm for Fe-10wt%Ni-2.6wt%C-15wt%S (hereinafter referred to as
Fe10Ni2.6C15S) at core pressures. Stacey and Anderson (2001) predicted the addition of 23 wt%
Ni and 15 wt% Si (or Fe23Ni15Si) to increase ρ to 2.12 µΩm at CMB and 2.02 µΩm at ICB, in
agreement with Johnston and Strens (1973). Davies (2007) also reported ρ in the range of 2.152.8 µΩm for Fe23Ni15Si at CMB conditions. In contrast, DAC experiments combined with the
Bloch–Grüneisen equation suggested values of 0.675 µΩm for ε-Fe10Ni, 1.26 (+0.05/-0.17)
µΩm for ε-Fe5Ni4Si and 1.77 (+0.05/-0.25) µΩm for ε-Fe5Ni8Si at CMB conditions (4000 K,
140 GPa) (Zhang et al., 2021). Gomi and Hirose (2015) suggested similar ρ values for Fe-Ni with
up to 13.4 wt% of light elements (O, Si, S, C) of 0.53-1.19 µΩm at CMB and 0.39-0.96 µΩm at
ICB. Similarly, Ohta et al. (2016) combined their DAC measurements with Matthiessen’s rule
and the resistivity saturation model to infer ρ of Fe11.9Ni13.4Si of 0.869 (+0.154/-0.216) µΩm
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at 140 GPa and 3750 K. Gomi et al. (2016) estimated the ρ of Fe12Ni15Si (or Fe65Ni10Si25)
between 1.12 and 1.16 µΩm at 4000-5500 K and 156-175 GPa from the Kubo–Greenwood
formula. As expected from additional impurity scattering, the previous values of Fe-alloys (Gomi
and Hirose, 2015; Gomi et al., 2016) are greater than those of pure Fe (Ohta et al., 2016) using
similar methods. First-principle electronic band structure calculations of Fe-alloys accounting for
the saturation theory suggested values ranging from 0.58-0.74 µΩm for Fe-(5.4 to 31.6 wt%)Ni
at CMB conditions (Gomi and Yoshino, 2018). In agreement with these studies, Zidane et al.
(2020) also used first-principle calculations based on the Kubo-Greenwood relation and reported
values of 0.62-1.22 µΩm for Fe-Ni with 2.7-37.7 wt% light elements (O, Si, S) at ICB conditions
(5500 K, 360 GPa).
The results of Gomi and Yoshino (2018) also suggested values ranging from 0.71-0.88 µΩm for
Fe-(1.6 to 11.7 wt%)O at CMB conditions. Similarly, de Koker et al. (2012) reported a range of
0.67-0.82 µΩm for Fe-O alloys at core conditions, while Pozzo et al. (2012) also reported a value
of ~0.80 µΩm for Fe-O-S/Si (2.7-3.5 wt% O and wt% S/Si between 9.1-11.4) at the ICB and 0.90
µΩm at the CMB. Wagle et al. (2019) reported ρ values in very good agreement with de Koker
et al. (2012) for the same alloys. Their results suggested that at ICB conditions, ρ is 0.65±0.24
µΩm and 0.71±0.27 µΩm, while at the CMB conditions ρ is 0.74±0.24 µΩm and 0.81±0.27 µΩm,
for Fe3.9O (or Fe7O) and Fe8.7O (or Fe3O) respectively (Wagle et al., 2019). Similarly, Pozzo
et al. (2013) reported a calculated ρ of ~0.79 µΩm for Fe2.7O6Si (or Fe0.82O0.08Si0.10) and ~0.80
µΩm for Fe4.6O4.9Si (or Fe0.79O0.13Si0.08) at the ICB, not unlike the direct calculations of
resistivity for Fe-O-S/Si by Pozzo et al. (2012). They also report a Lorenz number for liquid Fealloys varying from 2.17 to 2.24·10-8 WΩK-2 from the Wiedemann-Franz law (Pozzo et al., 2013).
The recent DAC experiments by Zhang et al. (2021) suggested a value of 1.00 µΩm for ε-Fe1.8Si
at CMB conditions. Gomi and Yoshino (2018) considered a greater Si content and reported values
ranging from 0.71-1.13 µΩm for Fe-(2.8 to 18.8 wt%)Si and 0.72-0.94 µΩm for Fe-(3.1 to 20.9
wt%)S at CMB conditions. The first-principle calculations and molecular dynamics simulations
on Fe4.5Si (or Fe0.92Si0.08) and Fe3.9Si (or Fe0.93Si0.07) suggested ρ of 0.65-0.66 µΩm at the ICB
(Pozzo et al., 2014). The agreement with the reported values of Fe3.9O (de Koker et al., 2012)
and Fe (Keeler and Royce, 1971) suggested the contribution of Si and O to the total ρ at inner
core conditions may not be significant. It has been shown though at lower pressures that
increasing Si content from 2 to 17 wt% increases ρ (Berrada et al., 2020), yet Wagle et al. (2019)
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reported lower values than Zhang et al. (2021) for a higher Si content. At CMB and ICB
conditions, ρ of Fe6.7Si (or Fe7Si) is calculated to be 0.81±0.5 µΩm and 0.73±0.5 µΩm, while
that of Fe14.4Si (or Fe3Si) is 1.02±0.5 µΩm and 0.92±0.5 µΩm (Wagle et al., 2019). Wagle et
al. (2019) also revised previous estimates by Wagle et al. (2018) of Fe7.6S (or Fe7S) and Fe16.1S
(or Fe3S) and reported values of 0.82±0.22 µΩm and 1.01±0.42 µΩm at CMB conditions, and
0.75±0.22 µΩm and 0.95±0.42 µΩm at ICB conditions, respectively. Gomi et al. (2013)
estimated that ρ of ε-Fe13.2Si (or Fe78Si22) is 1.02 (+0.04/-0.11) µΩm at the CMB and 0.820
(+0.054/-0.131) µΩm at the ICB. Their results are in very good agreement with Wagle et al.
(2019) and were extrapolated from a combination of DAC measurements up to 100 GPa and firstprinciple calculations while considering the effect of ρ saturation. Silber et al. (2019) conducted
direct measurements of ρ of Fe4.5Si from 3-9 GPa and up to liquid T and postulated that the ρ of
liquid Fe alloyed with light elements remains unchanged from that of Fe at inner core conditions,
but the variation in T at the CMB suggested that ρ could increase up to ~1.50 µΩm. In only the
second study to measure experimentally k of a composition in the Fe system at Earth’s core
conditions, Hsieh et al. (2020) used a pulsed laser method with a DAC to measure k of Fe-Si
alloys up to 144 GPa and 3300 K. Calculations of ρ using the Wiedemann-Franz law, with the
Sommerfeld value of the Lorenz number, and extrapolations to high T suggested approximately
4.6 µΩm (or 20 Wm-1K-1) at ~136 GPa and 3750 K for ε-Fe8.7Si (or Fe0.85Si0.15) (Hsieh et al.,
2020). Hsieh et al. (2020) note that the discrepancy with previously mentioned results may be
caused by the assumptions made by studies that did not directly measure k. Both the modeled Tdependence of ρ and the use of the Sommerfeld value of the Lorenz number at high P and T lead
to underestimates of k at Earth’s core conditions. Shock compression experiments by Matassov
(1977) on Fe-Si alloys up to 140 GPa and 2700 K suggested a ρ of 1.12 µΩm for an Fe33.5Si
core, which is within previously reported values from shock wave measurements. As mentioned
earlier, this value may be underestimated due to the shunting effect of epoxy above 50 GPa (Bi
et al., 2002). The results of de Koker et al. (2012) also suggested a lower range of 0.74-1.03 µΩm
for Fe-Si alloys at core conditions. Similar to the results of de Koker et al. (2012), DAC
measurements up to 60 GPa and 300 K indicate ρ values for Fe9Si of 0.6-1.3 µΩm at the CMB
(Seagle et al., 2013). Their measurements were extrapolated to CMB conditions using a model
of ρ as a function of T, V, and Debye temperature. These results agree with measurements in a
cubic anvil press up to 5 GPa and 2200 K, indicating ρ of Fe17Si in the range of 0.90-0.94 µΩm
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at outer core conditions (Kiarasi, 2013). In comparison, Suehiro et al. (2017) reported CMB
values of approximately 0.699 µΩm for Fe12.8S (or Fe80.8S19.2), 0.741 µΩm for Fe6.1Si6.7S (or
Fe79.7Si10.3S10), and 0.784 µΩm for Fe13.5Si (or Fe77.5Si22.5). Suehiro et al. (2017) carried out
measurements in a laser-heated DAC up to 110 GPa and 300 K and used Matthiessen’s Rule and
the saturation resistivity value of 1.68 µΩm, to obtain ρ of Fe-Si-S alloys at core conditions. Thus,
the contribution of S to the ρ of Fe-alloys is reported to be weaker than that of Si. Gomi and
Hirose (2015) proposed higher ρ values for Fe13.5Si of 1.02 (+0.04/-0.13) µΩm and 0.820
(+0.055/-0.130) µΩm at the CMB and ICB, respectively. These higher values agree with Zhang
et al. (2018), who applied their model of k to Fe13.5Si and reported ρ values of 0.92 µΩm at
CMB conditions (4050 K, 136 GPa). Recently, the saturation resistivity of ε-Fe-Si alloys was
further investigated in an internally heated DAC up to 117 GPa and 3120 K (Inoue et al., 2020).
Results show that the saturation resistivity of ε-Fe-Si alloys is comparable to that of pure Fe at
~100 GPa (Inoue et al., 2020). They obtained ρ values for ε-Fe12.7Si of 1.040 (+0.126/-0.212)
µΩm and 0.775 (+0.150/-0.231) µΩm at CMB (3760 K, 135 GPa) and ICB (5120 K, 330 GPa)
respectively. All values discussed above are summarized in Tables 3-1 to 3-4. The variations in
ρ, organized in terms of composition, are visualized in Figure 3-2.
Table 3-1: Electrical resistivity values of Fe at Earth’s CMB (4000 K, 136 GPa) and ICB
(5000 K, 330 GPa) conditions determined by different methods.
Composition

ρCMB
(µΩm)

CMB conditions

ρICB
(µΩm)

ICB conditions

Method
(variable)

Reference

Fe

0.25

2500 K, 3000 km

0.69

5500 K, 5000 km

*calculations (ρ)

Gardiner and
Stacey (1971)

Fe

0.67

140 GPa

-

-

shock
compression (ρ)

Keeler and Royce
(1971)

Fe

1.00

-

2.00

-

calculations (ρ)

Jain and Evans
(1972)

Fe

1.2-1.5

-

-

-

multi-anvil
press (ρ)

Secco and
Schloessin (1989)

Fe

1.22

3750 K, 135 GPa

1.12

4971 K, 330 GPa

calculations (ρ)

Stacey and
Anderson (2001)

Fe

0.69

2010 K, 101 GPa

1.31

5220 K, 208 GPa

shock
compression (σ)

Bi et al. (2002)

Fe

3.62

3739 K

4.65

5000 K

calculations (k)

Fe

1.25-1.9

4023 K, 135 GPa

-

-

calculations (ρ)

ε-Fe

-

-

0.75

5000 K, 330 GPa

calculations (ρ)

Fe

0.69

-

0.61

-

calculations (ρ)

Stacey and Loper
(2007)
Davies (2007)
Sha and Cohen
(2011)
de Koker et al.
(2012)
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Pozzo et al.
(2012)
Pozzo et al.
(2013)

Fe

0.73-0.74

4039-4186 K

0.64

5500-5700 K

calculations (σ)

Fe

0.747

4630 K, 124 GPa

0.64

6350 K, 328 GPa

calculations (σ)

3750 K, 135 GPa

0.431
(+0.058/0.095)

4971 K, 330 GPa

DAC (ρ)

Gomi and Hirose
(2015)

3750 K, 140 GPa

-

-

DAC (ρ)

Ohta et al. (2016)

Fe

Fe

0.537
(+0.049/0.077)
0.404
(+0.065/0.097)

ε-Fe

0.72

-

0.54

-

calculations (ρ)

Fe

3.7 ± 1.5

3000 K, 130 GPa

-

-

DAC (k)

ε-Fe

1.008

4000 K, 136 GPa

0.998

6000 K, 330 GPa

calculations (ρ)

ε-Fe

-

-

0.58

-

calculations (ρ)

Fe

1.28±0.09

-

-

-

multi-anvil
press (ρ)

0.60 ±
0.27

330 GPa

Pozzo and Alfè
(2016a)
Konôpková et al.
(2016)
Xu et al. (2018)
Wagle and
Steinle-Neumann
(2018)
Yong et al. (2019)

Wagle et al.
(2019)
Zhang et al.
ε-Fe
0.80 ± 0.05
4000 K, 136 GPa
DAC (ρ)
(2020)
Pourovskii et al.
Fe
0.637
calculations (ρ)
(2020)
The ρ values associated with studies that have reported k values are obtained via the Wiedemann-Franz law with the
Sommerfeld value for the Lorenz number. * This method refers to first principles theoretical calculations. Values specific to
liquid Fe are in red, those specific to solid Fe are in blue, while unspecified values are in black. Compositions specific to the
hcp phase of Fe are denoted by ε.
Fe

0.67 ± 0.27

130 GPa

calculations (ρ)

Table 3-2: Electrical resistivity values of Fe-Ni alloys at Earth’s CMB (4000 K, 136 GPa)
and ICB (5000 K, 330 GPa) conditions determined by different methods.
Composition

ρCMB (µΩm)

ε-Fe5Ni4Si

1.26
(+0.05/-0.17)

CMB conditions

ρICB (µΩm)

ICB conditions

Method
(variable)

Reference

-

DAC (ρ)

Zhang et al.
(2021)

4000 K, 140 GPa

ε-Fe5Ni8Si

1.77
(+0.05/-0.25)

Fe5.4Ni

0.58

-

-

-

DAC (ρ)

ε-Fe10Ni

0.675

4000 K, 140 GPa

-

-

DAC (ρ)

Fe10Ni2.6C15S

2

-

-

-

meas. at 1
atm (σ)

4971 K, 330 GPa

DAC (ρ)

Gomi and
Hirose (2015)

5500 K, 360 GPa

calculations
(ρ)

Zidane et al.
(2020)

-

Fe10.9Ni2.7Si

0.615
(+0.050/0.084)
-

Fe10.9Ni3.1S

-

Fe11.1Ni1.6O

-

Fe.11.3Ni9.7S

-

0.97

Fe11.5Ni8.6Si

-

1.00

Fe10.7Ni

3750 K, 135 GPa

0.494
(+0.061/0.104)
0.62

Gomi and
Yoshino (2018)
Zhang et al.
(2021)
Johnston and
Strens (1973)

0.67
-

0.70
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Fe11.5Ni12.8S

0.758
(+0.049/0.099)

3750 K, 135 GPa

0.601
(+0.061/0.118)
0.844
(+0.054/0.129)

4971 K, 330 GPa

DAC (ρ)

Gomi and
Hirose (2015)

Fe11.9Ni13.4Si

1.04
(+0.04/-0.10)

Fe11.9Ni13.4Si

0.869
(+0.154/0.216)

3750 K, 140 GPa

-

-

DAC (ρ)

Ohta et al.
(2016)

Fe11.9Ni5.1O

-

-

1.04

5500 K, 360 GPa

calculations
(ρ)

Zidane et al.
(2020)

Fe12Ni15Si

1.12-1.16

4000-5500 K,
156-175 GPa

-

-

calculations
(ρ)

Gomi et al.
(2016)

Fe12.1Ni15.1Si

-

-

1.16

5500 K, 360 GPa

calculations
(ρ)

Zidane et al.
(2020)

4971 K, 330 GPa

DAC (ρ)

Gomi and
Hirose (2015)

5500 K, 360 GPa

calculations
(ρ)

Zidane et al.
(2020)

4971 K, 330 GPa

DAC (ρ)

Gomi and
Hirose (2015)

5500 K, 360 GPa

calculations
(ρ)

Zidane et al.
(2020)

Fe12.9Ni9.2O

0.781
(+0.049/0.100)
-

Fe13.2Ni37.7S

-

Fe13.9Ni8.9C

1.10
(+0.04/-0.09)

Fe13.9Ni34.7Si

-

Fe16.3Ni23.3O

-

Fe16.9Ni11.8S

-

Fe23Ni15Si

2.12

3750 K, 135 GPa

2.02

4971 K, 330 GPa

calculations
(ρ)

Stacey and
Anderson
(2001)

Fe23Ni15Si

2.15-2.8

4023 K, 135 GPa

-

-

calculations
(ρ)

Davies (2007)

Fe25Ni,S,Si,MgO

2.77

2500 K, 3000 km

6.03

5500 K, 5000 km

calculations
(ρ)

Gardiner and
Stacey (1971)

Fe12.7Ni8.4O

3750 K, 135 GPa
-

0.619
(+0.061/0.120)
1.12

3750 K, 135 GPa

1.10
0.908
(+0.051/0.127)
1.22

-

1.02
1.06

Gomi and
Yoshino (2018)
The ρ values associated with studies that have reported k values are obtained via the Wiedemann-Franz law with the
Sommerfeld value for the Lorenz number. * This method refers to first principles theoretical calculations. Values specific to
liquid Fe are in red, those specific to solid Fe are in blue, while unspecified values are in black. Compositions specific to the
hcp phase of Fe are denoted by ε.
Fe51.6Ni

0.74

4000-5500 K

-

-

DAC (ρ)

Table 3-3: Electrical resistivity values of Fe-O alloys at Earth’s CMB (4000 K, 136 GPa)
and ICB (5000 K, 330 GPa) conditions determined by different methods.
Composition

ρCMB
(µΩm)

Fe1.6O

0.71

CMB conditions

ρICB
(µΩm)

ICB conditions

Method
(variable)

Reference

-

DAC (ρ)

Gomi and
Yoshino (2018)

4000-5500 K

Fe11.7O

0.88

-

Fe2.7O6Si

-

-

0.79

5500 K, 328 GPa

calculations (ρ)

Pozzo et al.
(2013)

Fe(2.7-3.5)O
with 9.1<S/Si
<11.4

0.9

4039-4186 K

0.8

5500-5700 K

calculations (σ)

Pozzo et al.
(2012)

Fe3.9O

0.75

-

0.67

-

calculations (ρ)

de Koker et al.
(2012)
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Wagle et al.
(2019)
Pozzo et al.
Fe4.6O4.9Si
0.8
5500 K, 328 GPa
calculations (ρ)
(2013)
de Koker et al.
Fe8.7O
0.82
0.73
calculations (ρ)
(2012)
Wagle et al.
Fe8.7O
0.81±0.29
0.71±0.29
calculations (ρ)
(2019)
The ρ values associated with studies that have reported k values are obtained via the Wiedemann-Franz law with the
Sommerfeld value for the Lorenz number. * This method refers to first principles theoretical calculations. Values specific to
liquid Fe are in red, while unspecified values are in black.
Fe3.9O

0.74±0.24

130 GPa

0.65±0.24

330 GPa

calculations (ρ)

Table 3-4: Electrical resistivity values of Fe-Si/S alloys at Earth’s CMB (4000 K, 136 GPa)
and ICB (5000 K, 330 GPa) conditions determined by different methods.
Composition

ρCMB
(µΩm)

CMB conditions

ρICB
(µΩm)

ICB conditions

Method
(variable)

Reference

ε-Fe1.8Si

1.00

4000 K, 140 GPa

-

-

DAC (ρ)

Zhang et al.
(2021)

Fe2.8Si

0.71

Fe3.1S

0.72

-

DAC (ρ)

Gomi and
Yoshino (2018)

Fe(3.9-4.5)Si

-

-

0.65-66

3750 K, 135 GPa

calculations (σ)

Fe4.5Si

1.5

4000-4500 K

-

-

multi-anvil
press (ρ)

Fe6.1Si6.7S

0.741

-

-

-

DAC (σ)

Fe7Si

0.82

-

0.74

-

calculations (ρ)

Fe7Si

0.81±0.5

Fe7.6S

0.82±0.22

330 GPa

calculations (ρ)

Wagle et al.
(2019)

ε-Fe8.7Si

4.6

3300 K, 144 GPa

-

-

DAC (k)

Hsieh et al.
(2020)

Fe9Si

0.6-1.3

-

-

-

DAC (ρ)

Seagle et al.
(2013)

ε-Fe12.7Si

0.775
(+0.150/0.231)

5120 K, 330 GPa

1.040
(+0.126/0.212)

3760 K, 135 GPa

DAC (ρ)

Inoue et al.
(2020)

Fe12.8S

0.699

-

-

-

DAC (σ)

Suehiro et al.
(2017)

ε-Fe13.2Si

1.02
(+0.04/0.11)

3750 K, 135 GPa

0.820
(+0.054/0.131)

4971 K, 330 GPa

DAC (ρ)

Gomi et al.
(2013)

Fe13.5Si

0.784

-

-

-

DAC (σ)

Fe13.5Si

0.92

4050 K, 136 GPa

-

-

DAC (ρ)

Fe13.5Si

1.02
(+0.04/0.13)

3750 K, 135 GPa

0.820
(+0.055/0.130)

4971 K, 330 GPa

DAC (ρ)

Gomi and
Hirose (2015)

Fe14.4Si

1.03

-

0.92

-

calculations (ρ)

de Koker et al.
(2012)

Fe14.4Si

1.02±0.5

Fe16.1S

1.01±0.42

330 GPa

calculations (ρ)

Wagle et al.
(2019)

Fe17Si

0.90-0.94

-

multi-anvil
press (ρ)

Kiarasi (2013)

4000-5500 K

130 GPa

130 GPa
-

-

0.73±0.5
0.75±0.22

0.91±0.5
0.95±0.42
-

Pozzo et al.
(2014)
Silber et al.
(2019)
Suehiro et al.
(2017)
de Koker et al.
(2012)

Suehiro et al.
(2017)
Zhang et al.
(2018)
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Fe18.8Si

1.13

Fe20.9S

0.94

Fe33.5Si

1.12

4000-5500 K
2180 K, 140 GPa

-

-

DAC (ρ)

Gomi and
Yoshino (2018)

-

shock
compression (σ)

Matassov
(1977)

The ρ values associated with studies that have reported k values are obtained via the Wiedemann-Franz law with the
Sommerfeld value for the Lorenz number. * This method refers to first principles theoretical calculations. Values specific to
liquid Fe are in red, those specific to solid Fe are in blue, while unspecified values are in black. Compositions specific to the
hcp phase of Fe are denoted by ε.

A large quantity of theoretically- and experimentally based estimates are considered for the ρ of
a terrestrial core of pure Fe. In general, ρ values of Fe are centered about 1.05 µΩm and 1.08
µΩm at the CMB and ICB, respectively, without considering the high values (> 3 µΩm) from
Stacey and Loper (2007) and Konôpková et al. (2016). The high values reported in the theoretical
work of Stacey and Loper (2007) and very challenging experimental work of Konôpková et al.
(2016) can hardly be explained by the selection of P and T values since they are similar to those
reported by the studies reporting lower ρ values. However, the values reported by Konôpková et
al. (2016) are direct measurements of k, which include the phonon contribution. Their values are
thus expected to be higher than measurements or calculations of ke, although such a large
discrepancy (3.5x higher than the average) cannot be explained by currently understood physics
of the relative contributions of electron and phonon components of k in metals. The average ρ of
Fe-Ni alloys is 1.35 µΩm and 1.22 µΩm at the CMB and ICB respectively, without considering
the high value from Gardiner and Stacey (1971) at ICB conditions. The theoretical work of
Gardiner and Stacey (1971) reported the highest values corresponding to the estimated ρ of Fe25Ni,S,Si,MgO. The reported data on Fe-Ni alloys are scattered and a clear relationship between
light element content and ρ, or even between theoretical and experimental methods, cannot be
readily seen. The average ρ of Fe-O alloys is 0.80 µΩm and 0.74 µΩm at the CMB and ICB
respectively. Theoretical and experimental ρ values of Fe-Si/S alloys are centered about 1.08
µΩm and 0.83 µΩm at the CMB and ICB respectively, without considering the high value from
Hsieh et al. (2020) at ICB conditions. Indeed, the ρ value for Fe8.7Si (Hsieh et al., 2020) is
expected to be higher than that of Fe7.6Si (Wagle et al., 2019) but lower than that of Fe9Si
(Seagle et al., 2013) and higher Si content alloys. The averages of all studies reporting values for
Earth are 1.07 and 0.97 µΩm at CMB and ICB conditions, respectively. Higher P and lower light
element content generally result in a lower ρ for a given core composition, while high T acts to
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increase ρ. Yet, the consistently greater averages at CMB conditions, which consider a higher
light element content and lower P, suggested that the effects of light element content and P
dominate over the effects of T.
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Figure 3-2: Combined values of ρ from the literature applied to Earth’s
core presented in date order. The blue dashed line represents the
average values (without values >3 µΩm) at the CMB, while the red
dashed line represents the average values at the ICB. The average of all
reported values at CMB (4000 K, 136 GPa) conditions is 1.07 µΩm, and
that at ICB (5000 K, 330 GPa) is 0.97 µΩm. The * denotes theoretical
studies. Repeated references indicate different compositions.
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3.3.2

Moon

A combination of the lunar seismic profiles (Weber et al., 2011) and sound wave velocity
measurements of Fe-alloys (Antonangeli et al., 2015) indicates that the Moon is currently
composed of a liquid outer core and solid inner core. The exact amount and nature of light
element(s) in the core is not constrained but S, C, and Ni are expected (Wieczorek et al., 2006;
Steenstra and van Westrenen, 2017). The presence of Si in the lunar core is also considered
possible since the lunar Si isotope composition suggests a mantle composition similar to Earth’s
(Armytage et al., 2012; Nazarov et al., 2012; de Meijer et al., 2013; Zambardi et al., 2013).
Szurgot (2017) reported at least 2.7 wt%Si in the lunar core when considering the uncompressed
density of the Moon.
The calculated k of Fe (25-50 Wm-1K-1) by Anderson (1998) and Stacey and Anderson (2001)
have been commonly used in thermal evolution models of the lunar dynamo (Stegman et al.,
2003; Zhang et al., 2013; Evans et al., 2014; Laneuville et al., 2014; Scheinberg et al., 2015;
Laneuville et al., 2018). However, the corresponding ρ via the Wiedemann-Franz law varies from
study to study due to the large variations in T assigned to the lunar CMB. Direct resistivity
measurements of Fe in a multi-anvil press from 3-12 GPa and into the liquid state suggested ρ of
1.23-1.31 µΩm on the core side of the CMB (1687-1800 K, 4.9 GPa) (Silber et al., 2018). Using
a similar method, Pommier (2018) measured ρ in a multi-anvil apparatus up to 10 GPa and over
a wide range of T. Their results suggested a value of 0.66 µΩm, or slightly more than half of the
value measured by Silber et al. (2018). Also, Pommier (2018) reported a ρ of 2.15 µΩm for Fe5S
at 4.5 GPa and 1700 K. According to their results, the effect of S, even for such a small wt%, is
not negligeable. Recently, Yin et al. (2019) reported measurements of ρ of Fe35.7P (or FeP),
Fe21.7P (or Fe2P) and Fe15.6P (or Fe3P) in a multi-anvil press at 3.2 GPa. These authors include
P as a possible light element in the lunar core considering its large solubility in liquid Fe and FeS alloys (Zaitsev et al., 1995; Stewart and Schmidt, 2007). Their results indicate that ρ of Fe35.7P
is approximately four times that of Fe. Yin et al. (2019) conclude that ρ is expected to be lower
than 1.65 µΩm for a lunar core with Fe15.6P. In addition, the direct measurements of Berrada et
al. (2020) constrained the ρ of Fe-Si alloys (2, 8.5, 17 wt% Si) between 1.17-1.66 µΩm at the top
of the lunar outer core (1600 K, 5-7 GPa). These studies have all used a multi-anvil apparatus
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with a four-wire measurement method to measure ρ. The values discussed in this section are
summarized in Table 3-5 and the variations in ρ are visualized in Figure 3-3.

Table 3-5: Electrical resistivity values of Fe and Fe-alloys according to different methods,
at the lunar CMB.
Composition

ρCMB (µΩm)

CMB conditions

Method (variable)

Reference

Fe

1.23-1.31

1687-1800 K, 4.9 GPa

multi-anvil press (ρ)

Silber et al. (2018)

Fe

0.66

Fe5S

2.15

1700 K, 4.5 GPa

multi-anvil press (ρ)

Pommier (2018)

Fe15.6P

<1.65

1773 K, 4.5-5.5 GPa

multi-anvil press (ρ)

Yin et al. (2019)

FexSi (x=2-17)

1.17-1.66

1600 K, 5-7 GPa

multi-anvil press (ρ)

Berrada et al. (2020)

The ρ values associated with studies that have reported k values are obtained via the Wiedemann-Franz law with the
Sommerfeld value for the Lorenz number. Values specific to solid Fe are in blue, while unspecified values are in black.

Although the exact identity and amount of light elements in the lunar core is not constrained, to
our knowledge, only a few studies have reported ρ values to the relevant P and T conditions of
the lunar core. At CMB conditions, the measured ρ of Fe15.6P is lower than that reported for FeSi alloys (up to 17 wt%Si) and Fe5S, suggesting the effect of P on the core ρ is relatively
negligible. The reported Fe-alloys show greater ρ than that of Fe, as expected considering the
additional scattering mechanism caused by electron-impurity interactions. The average of all
studies reporting values at CMB conditions is 1.40 µΩm.

Figure 3-3: Combined values of ρ from the literature
applied to the Moon’s core presented in date order. The
blue dashed line represents the average values at the CMB.
The average of all reported values at CMB (1687-1800 K,
4.5 GPa) conditions is 1.40 µΩm. Repeated references
indicate different compositions.
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3.3.3

Mercury

Our understanding of the light element content of Mercury is mainly based on solar-system
chemical abundances, models based on the compositions of Earth and the moon, and data
returned from the MESSENGER X‐ray spectrometer (Harder and Schubert, 2001; McCubbin et
al., 2012). Early estimates of the core composition of Mercury suggest ~99 wt % is metal (Fe,
Ni, Co) and ~1 wt% is Fe36.5S (or FeS) (Morgan and Anders, 1980). Nittler et al. (2017) has
argued a Si-bearing core with perhaps some small amounts of S and C, while Rivoldini et al.
(2009) suggest a minimum of 5 wt% S. Various thermal evolution models consider an Fe-Si core
with uncertainty on the exact Si composition (Knibbe and van Westrenen, 2017, 2018). Estimates
of Si content range between 5 to 25 wt%Si (Malavergne et al., 2010; Chabot et al., 2014),
although recent studies propose that 10.5 wt%Si provides the best modelling results of the core’s
elastic property and geodesy data (Terasaki et al., 2019; Steinbrügge et al., 2021).
Early models of Mercury’s core formation generally consider k of 40-43 Wm-1K-1, which
correspond to 1.06-1.15 µΩm, at 1880 K for a core of mainly Fe with 1-5wt% S (Stevenson et
al., 1983; Christensen, 2006; Tosi et al., 2013). Thermal evolution models by Knibbe and van
Westrenen (2018) considered a range of k from 30 to 60 Wm-1K-1 for an Fe-Si core with T
between 1800-2200 K, which corresponds to 0.73-1.79 µΩm via the Wiedemann-Franz law. In
contrast, direct measurements of ρ of γ-Fe at 5, 7 and 15 GPa into the liquid state in a multi-anvil
press suggested values of ~0.36 µΩm and ~0.44 µΩm at ICB (2200-2500 K, 36 GPa) and CMB
(1800-2000 K, 5-7 GPa) conditions respectively (Deng et al., 2013). The direct measurements of
ρ for γ-Fe at Mercury core temperatures in a laser-heated DAC suggested values of 1.08-2.44
µΩm (or 35±10 Wm-1K-1) at 2200-2500 K and ~40 GPa (Konôpková et al., 2016). Considering
the variations in the Lorenz number with T, Secco (2017) reported ρ for Fe of 1.044 µΩm at 1823
K and 5.5 GPa. Silber et al. (2018) used direct ρ measurements of Fe from 3-12 GPa and up to
liquid T and suggested a value of 0.87 ± 0.10 µΩm for Fe at CMB conditions (1900 K, 5 GPa).
Ezenwa and Secco (2019) revised previous measurements of ρ of Fe at Mercury’s CMB
conditions (1880 K, 5 GPa) to 1.18 µΩm on the solid side just before melting and 1.24 µΩm on
the liquid side. Berrada et al. (2021) reported higher ρ values of Fe8.5Si between 1.40-1.44 µΩm
at CMB conditions (1600-2100 K, 5-7 GPa) from measurements in a multi-anvil press up to 24
GPa and above the liquid T. Similarly, Pommier et al. (2019) conducted direct measurements in
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a multi-anvil apparatus up to 10 GPa and over a wide range of T. Their results suggested
approximately 0.35 µΩm for Fe10Si, 0.49 µΩm for Fe33.5Si, and 0.33 µΩm for Fe8Si3S at CMB
conditions (2000 K, 6 GPa). In contrast, Manthilake et al. (2019) reported σ data from resistance
measurements of Fe36.5S, which convert to 8.01 µΩm near CMB conditions (1300 K, 8 GPa).
This result is significantly larger than that of any composition reported in the literature thus far
at similar P and T conditions. The values discussed in this section are summarized in Table 3-6
and the variations in ρ are visualized in Figure 3-4.

Table 3-6: Electrical resistivity values of Fe and Fe-alloys according to different methods,
at Mercury’s CMB and ICB conditions.
ρCMB
(µΩm)

CMB conditions

γ-Fe

0.44

1800-2000 K, 5-7
GPa

0.36

γ-Fe

-

-

1.08-2.44

Fe

1.044

1823 K, 5.5 GPa

Fe

-

-

0.87 ±
0.10

Fe

1.18-1.24

1880 K, 5 GPa

Fe8.5Si

1.40-1.44

1600-2100 K, 5-7
GPa

Fe10Si

0.35

Fe8Si3S

0.33

Fe33.5Si

0.49

Composition

ρICB
(µΩm)

ICB conditions
2200-2500 K,
36 GPa
2200-2500 K,
40 GPa
-

Method (variable)
multi-anvil press (ρ)
DAC (ρ)
multi-anvil press (ρ)

1900 K, 5 GPa

multi-anvil press (ρ)

-

-

multi-anvil press (ρ)

-

-

multi-anvil press (ρ)

-

multi-anvil press (ρ)

Reference
Deng et al.
(2013)
Konôpková et
al. (2016)
Secco (2017)
Silber et al.
(2018)
Ezenwa and
Secco (2019)
Berrada et al.
(2021)

2000 K, 6 GPa

-

Pommier et al.
(2019)

-

Manthilake et
al. (2019)
The ρ values associated with studies that have reported k values are obtained via the Wiedemann-Franz law with the
Sommerfeld value for the Lorenz number. Values specific to liquid Fe are in red, those specific to solid Fe are in blue, while
unspecified values are in black. Compositions specific to the fcc phase of Fe are denoted by γ.
Fe36.5S

8.01

1300 K, 8 GPa

-

-

multi-anvil press (σ)

Reported theoretical and experimental values of the ρ of Fe applied to Mercury’s CMB and ICB
conditions show an important disagreement. Deng et al. (2013) reported lower values (~35% less)
than those reported by Konôpková et al. (2016), Secco (2017), Silber et al. (2018) and Ezenwa
and Secco (2019). Such a discrepancy is not negligible when calculating qad at the top of the OC.
The direct k measurements by Konôpková et al. (2016) convert to similar ρ values to the direct ρ
measurements by Secco (2017), Silber et al. (2018) and Ezenwa and Secco (2019). The values
reported for Fe-Si/S alloys also show two distinct trends. Berrada et al. (2021) reported higher
values than those by Pommier et al. (2019), although Pommier (2018) considered a higher light
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element content (up to 33.5 wt%Si). Indeed, the light element content is expected to increase the
scattering contribution and thus the measured ρ. The values reported by Pommier (2018) are
consistent with the lower ρ values for Fe reported by Deng et al. (2013) and Konôpková et al.
(2016). Similarly, the values reported by Berrada et al. (2021) are consistent with the high ρ of
Fe values reported by Secco (2017), Silber et al. (2018) and Ezenwa and Secco (2019). The
averages of all studies reporting values for Mercury are 0.88 and 1.12 µΩm at CMB and ICB
conditions, respectively, without considering the high values (> 3 µΩm) from Manthilake et al.
(2019). Although all the reported data at the ICB consist only of pure Fe measurements, the
average ρ at ICB conditions is greater than that at CMB conditions which considers Fe-alloys.
This contrast with the observations at Earth’s core conditions could be explained by the strong
effect of T over the effects of light elements and P at Mercury’s core conditions, although further
studies are necessary to draw reliable conclusions.

Figure 3-4: Combined values of ρ from the literature
applied to Mercury’s core presented in date order. The
blue dashed line represents the average values at the
CMB, while the red dashed line represents the average
values at the ICB. The average of all reported values at
CMB (1900 K, 5 GPa) conditions is 0.88 µΩm, and that
at ICB (2200-2500 K, 36 GPa) is 1.12 µΩm.
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3.3.4

Mars

The chemical composition of the Martian core is presumed to be Fe14.2S based on analyses of
Martian meteorites (Wänke et al., 1988). Laser-heated DAC experiments and in-situ X-ray
diffraction confirm the phase stability of Fe36.5S at core conditions (Kavner et al., 2001).
Thermal evolution models also consider a core primarily composed of Fe with 6-8 wt% Ni, and
10–17 wt% S, in addition to containing lower amounts of O, C, H and P (Rivoldini et al., 2011).
Stevenson et al. (1983) investigated core evolution models of Mars by combining theories of
geomagnetism and fluid dynamics. In their model, the value of k of Fe used for Earth, Mercury,
Mars, and Venus is 40 Wm-1K-1, which corresponds to 1.15 µΩm at 1880 K (Stevenson et al.,
1983). Thermal evolution models based on measurements by Anderson (1998) suggested a range
of 43-88 Wm-1K-1 at Martian CMB conditions (25 GPa, 1800 K) (Nimmo and Stevenson, 2000).
Using the Wiedemann-Franz law, this suggested ρ values for Fe ranging from 0.50-1.02 µΩm,
which are lower than previously mentioned. In fact, Deng et al. (2013) estimated ρ of γ-Fe to be
at most 0.40 µΩm at the outermost part of the Martian core (2000 K, 24 GPa) based on their
measurements at 7 GPa. Recent measurements by Silber et al. (2018) reported ρ of Fe of 1.7 µΩm
at CMB conditions (1770 K, 23 GPa), higher than previously reported. Similar experiments by
Ezenwa and Yoshino (2021) in a multi-anvil apparatus from 14 to 22.5 GPa and above the liquid
T, estimated ρ of 0.68±0.03 µΩm at CMB conditions (2106 K, 23 GPa). The measurements by
Ezenwa and Yoshino (2021) agree with first-principle calculations of pure Fe reporting values
from 0.74 ± 0.29 µΩm to 0.75 ± 0.29 at the ICB and CMB respectively (Wagle et al., 2019).
Wagle et al. (2019) also calculated the ρ of Fe3.9O, Fe8.7O, Fe7.6S, Fe16.1S, Fe6.7Si, and
Fe14.4Si at the Martian ICB and CMB conditions, as reported in Table 3-7. Direct measurements
of ρ up to 110 GPa at 300 K suggested values from 1.064 µΩm at the CMB to 0.952 µΩm at the
center of an Fe15S (or Fe77.7S22.3) core (Suehiro et al., 2017). The values discussed in this section
are summarized in Table 3-7 and the variations in ρ are visualized in Figure 3-5.

Table 3-7: Electrical resistivity values of Fe and Fe-alloys according to different methods,
at the Martian CMB (1770 K, 23 GPa) and ICB (2000 K, 40 GPa) conditions.
Composition

ρCMB
(µΩm)

CMB conditions

ρICB
(µΩm)

ICB conditions

γ-Fe

0.4

2000 K, 24 GPa

-

-

Method
(variable)
multi-anvil
press (ρ)

Reference
Deng et al. (2013)
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Fe

1.7

1770 K, 23 GPa

-

-

Fe

0.68±0.03

2106 K, 23 GPa

-

-

Fe
Fe3.9O
Fe8.7O
Fe6.7Si
Fe14.4Si
Fe7.6S
Fe16.1S

0.75±0.29
0.83±0.25
0.95±0.32
0.92±0.55
1.16±0.42
0.88±0.25
1.07±0.42

23 GPa

0.74±0.29
0.87±0.25
0.92±0.32
0.91±0.55
1.14±0.42
0.87±0.25
1.06±0.42

40 GPa

multi-anvil
press (ρ)
multi-anvil
press (ρ)

Silber et al.
(2018)
Ezenwa and
Yoshino (2021)

*calculations (ρ)

Wagle et al.
(2019)

Suehiro et al.
(2017)
The ρ values associated with studies that have reported k values are obtained via the Wiedemann-Franz law with the
Sommerfeld value for the Lorenz number. * This method refers to first principles theoretical calculations. Values specific to
liquid Fe are in red, while unspecified values are in black. Compositions specific to the fcc phase of Fe are denoted by γ.
Fe15S

1.064

-

0.952

-

DAC (ρ)

The literature on ρ values at Martian core conditions is insufficient to determine a reasonable
value at CMB and ICB conditions. While both Deng et al. (2013) and Silber et al. (2018) reported
values for solid Fe, the value reported by Deng et al. (2013) is in best agreement with the reported
values of liquid Fe (Ezenwa and Yoshino, 2021; Wagle et al., 2019). However, Silber et al. (2018)
considered lower T values at the CMB than Ezenwa and Yoshino (2021). Their measured ρ is
therefore expected to be lower than that of Ezenwa and Yoshino (2021), although the opposite is
observed. Within the results of Wagle et al. (2019), the effect of O in increasing ρ seems to be
less than that of Si and S, although all alloys seem to agree within uncertainty. The values for an
Fe15S (Suehiro et al., 2017) agree with those of Fe16.1S (Wagle et al., 2019). The average of all
studies reporting values at CMB conditions is 0.95 µΩm, while that at ICB conditions is 0.93
µΩm. The greater average at CMB conditions relative to ICB conditions is comparable to that
observed at Earth’s core conditions.
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Figure 3-5: Combined values of ρ from the literature applied
to Mars’ core presented in date order. The blue dashed line
represents the average values at the CMB, while the red
dashed line represents the average values at the ICB. The
average of all reported values at CMB (1770 K, 23 GPa)
conditions is 0.95 µΩm, and that at ICB (2000 K, 40 GPa) is
0.93 µΩm. The * denotes theoretical studies. Repeated
references indicate different compositions.

3.3.5

Ganymede

The presence of Fe36.5S in meteorites indicates that S is probably a major light element in
Ganymede’s core (Krot, 2005). Hydrogen is also a light element candidate considering that a
layer of H2O in Ganymede’s interior has been proposed (Anderson et al., 1996). Although the
exact composition is not constrained, the light element content is greatly dependent on the core
size and oxidation state of the interior during differentiation. The CMB conditions are expected
to be near 2000 K and 7 GPa in the case of a low (1 wt%) S content, while near 1400 K and 5
GPa in the case of a near eutectic (36.5 wt%) S content (Hauck et al., 2006; Bland et al., 2008;
Kimura et al., 2009).
Silber et al. (2018) measured ρ of Fe at 1.20 µΩm at 1500 K (Shibazaki et al., 2011) and 5.9 GPa
(Hussmann et al., 2007), while a considerably lower value of 0.59 µΩm is proposed by Pommier
(2018) at 1400 K and 4.5 GPa. Similar to the measurements by Silber et al. (2018), Ezenwa and
Secco (2019) estimated values of 1.17 µΩm and 1.38 µΩm on the solid and liquid sides of the
ICB (2200 K, 9 GPa) respectively. Regardless of the variation in these Fe results, adding S is
expected to increase ρ, in agreement with the direct measurements of Pommier (2018). Pommier
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(2018) reported values of 2.23 µΩm for Fe5S at 1880 K and 4.5 GPa, and 4.32 µΩm for Fe20S
at 1400 K and 4.5 GPa. To our knowledge, only two studies have reported measurements of
Fe36.5S at the relevant P and T conditions. First, the results of Manthilake et al. (2019) applied
to Ganymede’s conditions suggest 8.01 µΩm near CMB. In contrast, direct ρ measurements of
Fe36.5S, from 2-5 GPa and up to 1785 K in a multi-anvil press, suggested a value of 4.13±0.07
µΩm at CMB conditions (1411 K, 5 GPa) (Littleton et al., 2021). The values discussed in this
section are summarized in Table 3-8 and the variations in ρ are visualized in Figure 3-6.

Table 3-8: Electrical resistivity values of Fe and Fe-alloys according to different methods,
at Ganymede’s CMB.
Composition

ρCMB
(µΩm)

CMB conditions

ρICB (µΩm)

ICB
conditions

Method (variable)

Fe

1.2

1500 K, 5.9 GPa

-

-

multi-anvil press (ρ)

Fe

-

-

1.17-1.38

2200 K, 9 GPa

multi-anvil press (ρ)

Fe
Fe5S
Fe20S

0.59
2.23
4.32

1400 K, 4.5 GPa

-

-

multi-anvil press (ρ)

Reference
Silber et al.
(2018)
Ezenwa and
Secco (2019)
Pommier (2018)

Manthilake et
al. (2019)
Littleton et al.
4.12±0.07
Fe36.5S
1411 K, 5 GPa
multi-anvil press (ρ)
(2021)
Values specific to liquid Fe are in red, those specific to solid Fe are in blue, while unspecified values are in black.
Fe36.5S

8.01

1300 K, 8 GPa

-

-

multi-anvil press (σ)

As with the other small planetary bodies reviewed, the available literature is scarce and
insufficient to distinguish a reasonable value for ρ at core conditions. Overall, the addition of S
impurity scattering increases ρ as expected. However, ρ of Fe36.5S as measured by Littleton et
al. (2021) is greater than that of Fe20S (Pommier, 2018). Pressure is expected to decrease ρ, yet
the ρ of Fe36.5S from Manthilake et al. (2019) at 8 GPa is almost double that from Littleton et
al. (2021) at 5 GPa. Although total k measurements include the phonon contribution to
conductivity, it likely does not explain the extent of the disagreement between these two studies.
The average of all studies reporting values at CMB conditions is 1.90 µΩm, larger than that at
the other planetary bodies reviewed, while the average at ICB conditions is 1.28 µΩm.
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Figure 3-6: Combined values of ρ from the literature
applied to Ganymede’s core presented in date order.
The blue dashed line represents the average values at
the CMB, while the red dashed line represents the
average at the ICB. The average of all reported values
at CMB (1400-2000 K, 5-7 GPa) conditions is 1.90
µΩm, and that at the ICB (2200 K, 9 GPa) is 1.28 µΩm.
Repeated references indicate different compositions.

3.4

Contour maps of ρ(P,T)

Figure 3-7 illustrates contour maps generated from the available literature on ρ for Fe, Fe-Ni
alloys, Fe-O alloys, and Fe-Si/S alloys, without excluding high values (> 3 µΩm). The contour
maps suggest ρ(P,T) is unique for each composition, and can hardly be defined by a linear
function of P and T. The rich literature on Fe at Earth’s and Mercury’s CMB and ICB conditions
produce an accurate contour map at the relevant P and T. Similarly, the contour map results of
the ρ of Fe at the lunar and Martian CMB consist of the mean of the few reported values.
However, Fe-Ni alloys were only reported at P and T conditions relevant to Earth’s core. Thus,
the contour map results for Ni-Si alloys for the Moon, Mercury, Mars, and Ganymede’s cores are
unreliable extrapolations. The contour map of Fe-Ni alloys suggest ρ at low P and T is
considerably higher than the values reported at high P and T. This would mean the effect of
decreasing P, which acts to increase ρ, dominates over the effect of decreasing T, which acts to
decrease ρ. In the same idea, ρ of Fe-O alloys was only reported at Earth’s and Mars’ core
conditions, which implies the most reliable areas of the contour map are within those P and T
boundaries. The contour map of Fe-Si/S alloys agrees with the reported data at the planetary core
conditions of Earth, Moon, Mercury, Mars, and Ganymede. The advantage of the contour maps
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is that they take into account the various P and T values used for the planetary core conditions
and allow for a general estimate at a specific P and T combination. For example, the contour map
of Fe-Si/S shows ρ of ~ 1.70 µΩm at the lunar CMB (at 1750 K which is the mid-T range, and
4.5 GPa), while the average of reported values is 1.66 µΩm without considering the differences
in P and T conditions.

Figure 3-7: 3D visualization of the reported ρ with P and T of (A) Fe, (B) Fe-Ni alloys, (C)
Fe-O alloys, and (D) Fe-Si/S alloys. Studies that did not state the exact P,T conditions for
Earth’s CMB and ICB are placed at 4000 K and 136 GPa, and 5000 K and 330 GPa,
respectively. Similarly, the lunar CMB is placed at 1750 K (which is the mid-T range of
1687-1800 K) and 4.5 GPa. Mercury’s CMB and ICB are placed at 1900 K and 5 GPa, and
2350 K (which is the mid-T range of 2200-2500 K) and 36 GPa, respectively. The Martian
CMB and ICB are placed at 1770 K and 23 GPa, and 2000 K and 40 GPa, respectively.
Ganymede’s CMB is located at 1700 K (which is the mid-T range of 1400-2000 K) and 6
GPa (which is the mid-P range of 5-7 GPa), while the ICB is at 2200 K and 9 GPa. The areas
encompassing the reported data are in full color, while the faded colors are areas of
extrapolations.
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3.5

Discussion

The interest in determining qad is namely motivated by thermal evolution modelling. Direct
measurements of thermal properties, and in particular k, of metals and metal-alloys at planetary
core conditions are challenging and extrapolations from relatively low P and T conditions are not
always consistent. Experimental progress made so far in measuring k at core conditions is very
promising and future studies are needed to establish conclusively this important core property.
The available literature on ρ at Earth’s core conditions is focused on pure Fe, while a few studies
have considered various light elements and a range of concentrations. Results suggest that the ρ
of Fe-alloys at Earth’s CMB and ICB does not significantly deviate from that of pure Fe. The
scarce literature on ρ at the lunar core suggest the effect of P is negligible when compared to that
of Si and S at similar wt%. On the contrary, the effect of Si and S at Mercury’s core conditions
remains unclear as the literature seems to be divided into two distinct groups of ρ, with ~35 %
difference. At the Martian core, the ρ of Fe-alloys are within the variations of ρ for pure Fe. In
contrast, the reported ρ of Fe-S alloys at Ganymede’s CMB conditions show a great deviation
from pure Fe measurements. Overall, the calculated ρ from the reported k values via the
Wiedemann-Franz law, with the Sommerfeld value for L, do not significantly vary from direct
measurements of ρ. Results from first-principle calculations are within the variations of those
from direct measurements from multi-anvil press, DAC, and shock compression experiments.
Although ρ values depend on the P and T, the variations in the selection of P and T at the planetary
core conditions among the literature seem to have a negligible effect on the average ρ values. The
contour maps provide an interpolation of ρ as a function of P and T within the boundaries of the
reported values.
Further experimental research on ρ should focus on different light element compositions,
particularly in Fe with multi-light element alloys, in order to constrain ρ reliably for likely core
compositions at planetary core conditions. A larger data set on measurements of k will be needed
to verify both theoretically determined values of the Lorenz number at extreme conditions of P
and T for pure Fe and its many alloys as well as to substantiate the use of ρ data to calculate k.
Calculations that account for spin polarization and the effects of magnetism on the electron
scattering have recently been developed and further progress in this area to quantify this
important contribution to electrical and thermal properties at planetary core conditions is likely.
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It is clear there is much to be done in the area of ρ and k property determination for application
to thermal modelling of terrestrial-like planetary bodies in our solar system. However, an even
greater challenge appearing on the horizon is for similar studies to be carried out at the even
greater P,T conditions of terrestrial-type exoplanets where the internal pressures are an order of
magnitude higher than in Earth. Studies of those systems, which are currently in the nascent
stages of characterizing equation of state and other structure-related characteristics of Fe (Smith
et al., 2018) and Fe alloys (Wicks et al., 2018), will then turn to interior modelling of heat flow
and core dynamics to understand dynamos in super-Earths, which will require knowledge of ρ
and k behavior over much greater P,T space.
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Chapter 4

4

Electrical resistivity measurements of Fe-Si with
implications for the early lunar dynamo

A version of this chapter has been published as:
Berrada, M., Secco, R. A., and Yong, W. (2020). Electrical resistivity measurements of Fe-Si
with implications for the early lunar dynamo. Journal of Geophysical Research: Planets,
e2020JE006380
Additional pictures of the recovered samples are displayed in Appendix C.

4.1 Introduction
4.1.1

Lunar core dynamo and thermal evolution

Paleointensity data indicate that the moon had a high intensity magnetic era approximately 4.23.56 Gyr ago (Garrick-Bethell et al., 2009; Shea et al., 2012; Suavet et al., 2013). However, the
lunar dynamo is thought to have persisted beyond 2.5 Gyr and perhaps up to 1.92-0.80 Gyr ago
(Mighani et al., 2020; Tikoo et al., 2017). For a lunar dynamo to be sustained, stirring of the
liquid had to take place within the lunar outer core (OC). The sources of power for stirring are
normally considered to be thermal convection and/or compositional convection but continuous
mechanical stirring arising from the differential motion, due to Earth-driven precession of the
lunar spin axis, between the solid silicate mantle and the liquid core beneath has also been
suggested (Dwyer et al., 2011). However, the magnetic field intensity variations throughout the
magnetic era are difficult to model with a single dynamo mechanism (Dwyer et al., 2011; Evans
et al., 2014; Konrad and Spohn, 1997; Scheinberg et al., 2015; Stegman et al., 2003; Takahashi
and Tsunakawa, 2009). Thermal convection is expected to be more important during the high
intensity era considering the high temperatures (T) at the early stages (Scheinberg et al., 2015)
and the lack of a (or very young and small) solid inner core (IC). In this case, the total heat flux
(qCMB) through the lunar core-mantle boundary (CMB) had to be greater than the adiabatic heat
flux at the top of the core (qad), which can be calculated as follows:
𝑞𝑎𝑑 = − 𝑘𝑐

𝑑𝑇
𝑑𝑟

(4.1)
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where kc is the thermal conductivity of the lunar core and

𝑑𝑇
𝑑𝑟

is the T gradient. Thermal

conductivity (k) is the sum of the heat transport contributions by electrons and phonons. For
metals and metallic alloys, the electronic contribution to thermal conductivity (ke) is the dominant
component and is generally up to two orders of magnitude larger than the phonon contribution
(P. G. Klemens and Williams, 1986). Electronic thermal conductivity for these materials can be
calculated using the empirical Wiedemann-Franz law (WFL):
𝑘𝑒 =

𝐿0 𝑇
𝜌𝑡𝑜𝑡𝑎𝑙

(4.2)

where Lo is the theoretical Sommerfeld value (𝐿𝑜 = 2.44∙10-8 W∙Ω∙K-2) of the Lorenz number. In
the case of an Fe-Si alloy core, ke can be calculated from direct measurements of the total
electrical resistivity (ρtotal) of Fe-Si alloys. The candidacy of Si as a light element in the lunar core
is reasonable considering the lunar Si isotope composition is the same as Earth’s, suggesting
similar mantle compositions (Armytage et al., 2012; de Meijer et al., 2013; Nazarov et al., 2012;
Zambardi et al., 2013), and predictions of the uncompressed density of the Moon which argue at
least 2.7 wt%Si in the lunar core (Szurgot, 2017). We recognize that other lunar core
compositions such as Fe-S have been considered (e.g., Weber et al., 2011; Antonangeli et al.,
2015) but the focus here is on Fe-Si. The contribution of Si on ρtotal is expected to be Tindependent, as stated by Matthiessen’s Rule (MR) (Matthiessen and Vogt, 1864).

4.1.2

Matthiessen’s Rule

Matthiessen’s Rule is an empirical expression that states ρtotal of an impure metal is the sum of
the T-dependent resistivity characteristic of a perfect crystalline pure metal (ρ(T)ideal) and the Tindependent resistivity contribution due to the presence of, and scattering by, lattice defects and
impurities (ρ0) (Matthiessen and Vogt, 1864).
𝜌𝑡𝑜𝑡𝑎𝑙 = 𝜌(𝑇)𝑖𝑑𝑒𝑎𝑙 + 𝜌0

(4.3)

The resistivity characteristic of a perfect crystalline metal arises from the scattering of conduction
electrons caused by (i) electron-phonon interactions (scattering by lattice vibrations), (ii)
electron-magnon interactions (spin-disorder scattering) in the case of ferromagnetic metals, and
(iii) electron-electron interactions (e.g., scattering of s-electron into the unfilled d-band in the
case of Fe). The presence of lattice defects and impurity atoms causes localized changes of the
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electronic structure of a metallic alloy which amplifies scattering of conduction electrons that
gives rise to ρ0. Scattering mechanism (i) has an approximately linear dependence on T (Ziman,
2001), while mechanisms (ii) and (iii) have a dependence proportional to T2 (Fert and Campbell,
1971; Kudrnovský et al., 2012). At high T, the resistivity of many alloys is believed to saturate
and approach a constant value. This saturation is suggested to happen once the Ioffe-Regel
criterion is met: when the mean free-path of the conduction electrons approaches the interatomic
spacing. A saturation value of 168 µΩ∙cm was estimated for Fe at 1 atm and up to 1663 K
(Bohnenkamp et al., 2002). While there has been experimental evidence for resistivity saturation
in Fe-Si alloys at high pressure (P) (e.g., Pozzo et al. (2013; 2022), Kiarasi and Secco (2015);
Gomi et al. (2016)), interpretation of the physical mechanism of the saturation effect is poorly
established at both high T and P. Similarly, there is no quantitative framework describing the
separate effect of P on each of the three scattering mechanisms described previously, aside from
the following generalities gathered from many observations. Hydrostatic P exerted on a metal
alters the interatomic distances and potentials, possibly changing band structure and magnetic
interactions. As the amplitude of atomic vibrations diminishes with higher P, ρtotal also decreases.
Pressure broadens the d-band which also lowers the density of states in Fe-alloys, which results
in a decrease in s-d scattering and therefore a decrease in resistivity (Boness et al., 1986). Finally,
the Curie T of Fe does not show significant changes as a function of P (Leger et al., 1972) and
this indicates the effect of P on magnon scattering is negligible, at least for the P range considered
in this study.
While MR allows for a good approximation of ρtotal of an alloy (Klemens, 1959), deviations from
it have been reported in Fe-alloys. These deviations are generally attributed to the following
various effects induced by the presence of an alloying component: (a) anisotropies in electronphonon scattering (Schwerer et al., 1969) (b) anisotropies of the Fermi surface (a surface of
constant energy in reciprocal space that separates the unfilled orbitals from the filled orbitals)
(Fischer, 1967) (c) existence of distinct s- and d-electron conductivity bands each having a
different contribution to conductivity (i.e. two-band model) and (d) changes in the T-dependence
of ρtotal (i.e. resistivity saturation) (Alldredge et al., 1975). In the case of Fe, deviations from MR
have been primarily attributed to the underestimation of the spin-disorder contribution to
resistivity (Glasbrenner et al., 2014). Literature regarding the exact reasons for deviations of MR
in the Fe-Si system is sparse. Deviations at low T have been previously reported in Fe-Si-C
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systems at 1 atm (Takazawa et al., 1998; Takazawa and Tagashira, 1998) and Fe-Si alloys at high
P (Gomi et al., 2016) suggesting deviations are greater for higher Si content. In this study, we
investigate and discuss deviations from MR in Fe-Si alloys in the range 0-17 wt%Si at T up to
2043K, and at P in the range 3-5 GPa. Si concentrations considered in this work are 0 (Silber et
al., 2018) and 4.5 wt%Si (Silber et al., 2019) along with 2, 8.5, and 17wt%Si measured in this
study (hereafter referred to as Fe or FexSi, where x is wt% Si). The specific P range studied was
influenced by the availability of reported measurements of ρtotal at the same P from prior studies,
while the access to commercially available Fe-Si powder samples limited the range of
concentrations studied. The analysis of MR over a range of Si concentrations at relatively low P
and T could provide a basis for understanding the applicability of MR of Fe-Si at higher T and P
(i.e., at conditions of planetary cores which may contain Fe-Si) since ρtotal is a key property in
magnetic field generation and related core adiabatic heat flux in the cores of terrestrial bodies.

4.2
4.2.1

Methods
Making Fe-Si wires from powders

The Fe8.5Si and Fe17Si samples were provided by GoodFellow Inc. (99.5% purity) in powder
form. Wires of Fe8.5Si and Fe17Si were first prepared in a separate and new technique. The
powder was contained in a single-hole alumina tube with an inner diameter of 0.508 mm and
length of 1.77 mm. The ends of the alumina tube were closed with Al2O3 cement. The Fe8.5Si
sample assembly was placed in a muffle furnace for 10 minutes at 1673 K in air and 30 minutes
at 1573 K for the Fe17Si samples. This technique transformed the powder samples into
monolithic, porosity free wires prior to any resistivity experiment, by heating them slightly above
their liquidus at 1 atm (Hansen et al., 1958). The wires obtained, as shown in Figure 4-1, were
cut to target lengths while kept inside the single-hole alumina tube in which they were made, then
fit into BN (boron nitride) with the same pressure cell design that was used for the Fe2Si
experiments. The continuity of the wires obtained was confirmed with computed tomography
(CT) scans, performed in Dr. D. Holdsworth laboratory at the University of Western Ontario,
with 50µm resolution on samples post melting as shown in Figure 4-1a. Also shown in Figure 4-
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1, electron microprobe analyses confirmed the composition of the starting wire samples. MicroXRD and Powder-XRD analysis on the Fe8.5Si and Fe17Si wires confirms a homogenous bcc
structure (see Figure D-1). In addition, thin tungsten (W) discs, measuring 1.27 mm in diameter
and 0.10 mm in thickness, were used in all experiments and positioned between each end of the
sample and thermocouple to preserve sample and thermocouple integrity. The pressure cell used
for these experiments is described by Ezenwa and Secco (2017), with the only difference being
the addition of the W-discs for these experiments.

Figure 4-1: Electron microprobe analysis of the resulting wire produced
by heating (A) Fe8.5Si powder in a furnace at 1673 K for 10 minutes
(liquidus is 1667 K) and (B) Fe17Si at 1573 K for 30 minutes (liquidus is
1500 K). The tables show the results of the chemical composition analysis,
where the points correspond to the locations on images A and B. The
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contrast was adjusted in image B to show the ceramic tube surrounding
the wire. The inset in (A) shows the CT scan of the resulting sample from
the wire-making method.

4.2.2

Electrical resistivity measurement

Total resistivity of Fe2Si, Fe8.5Si, and Fe17Si was measured at P of 3, 4, and 5 GPa and at T
from 300K and into the liquid state. High P was attained using a 1000-ton cubic anvil press
described earlier (Secco, 1995). High T was attained by ohmic heating generated by passing a
high alternating current through a cylindrical graphite furnace surrounding the sample. Two typeC thermocouples (W5%Re-W26%Re), which also served as electrodes during the four-wire
resistivity measurement, were placed at opposite ends of the sample (Ezenwa and Secco, 2017).
A Keysight B2961 power supply was used to provide a constant direct current of 0.2 A and a
Keysight 34470A data acquisition meter operating at 20 Hz and 1 µV resolution was used to
measure voltage drop across the sample. A current polarity switch was used to obtain positive
and negative voltage measurements; a minimum of 10 measurements for each current direction
were averaged to obtain the voltage drop at a given T. The voltage drop (V) and current (I) were
used to calculate the electrical resistance, R, of the sample using Ohm’s law:
𝑅=

𝑉
𝐼

(4.4)

The electrical resistivity (ρ) was then calculated using Pouillet’s law:
𝜌=

𝑅𝐴
𝑙

(4.5)

where 𝐴 is the cross-sectional area and 𝑙 the length of the sample. Values of ρtotal were then used
to calculate ke using Equation (4.2). The Fe2Si sample, provided by Stanford Advanced Materials
(99.5% purity) as a wire, was 0.51 mm in diameter and 1.77 mm in length. The sample was
inserted into a single-hole alumina tube (0.51 mm inner-diameter) that was surrounded by a BN
sleeve and bound by a graphite furnace. This assembly was then fitted inside a zirconia sleeve
for geometry preservation and thermal insulation.
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4.2.3

Processing recovered samples

The recovered sample was ground until the maximum diameter size was reached in cross-section.
Sample diameters were measured at 40x magnification using a Nikon SMZ2800 microscope. The
post-experiment geometry of each sample was determined by averaging 10 diameter and length
measurements and was used to calculate ρtotal from the measured voltage drops. Because W-discs
were used for all experiments, the measured voltage drop contain an additional contribution from
W-discs. The contribution of the W discs to the total measured resistivity was corrected (Littleton
et al., 2019). The uncertainty on the measured geometry and the standard deviation from the
averaged voltage drop at a particular T were used to evaluate the errors on ρtotal and ke.
The reported T at a given data point corresponds to the average of 10 T readings taken
immediately prior to and after each voltage polarity switching. The liquidus (Tl) was defined by
the middle of a small T interval over which a sharp change in the magnitude of ρtotal occurred. An
additional 10 K, corresponding to the estimated thermal gradient in the sample (Schloessin,
1988), was added to the error on the Tl. The uncertainty on P (±0.25 GPa) is attributed to the
thermal P on the sample during high T conditions, which was indicated by an increase in oil
pressure on the hydraulic pressure gauge of the press. A JEOL JXA-8530F field-emission
electron microprobe, with a 50 nA probe current, a 20kV accelerating voltage and a 100 nm spotsize beam was used to analyze the chemical composition of the pre- and post-experiment samples
and the discs to assess the extent of any diffusion that may have occurred.

4.3
4.3.1

Results and discussion
Composition of recovered samples

Recovered samples of Fe2Si at 3 GPa (Tl ~ 1798K) quenched from T of 1523 K, 1805 K and 1823
K are shown in Figure 4-2 and indicate that W diffusion is observed only above the liquidus at
1805 K and 1823 K. Both the maximum T reached and time spent above the liquidus contribute
to the overall contamination of W in the sample.
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Figure 4-2: Electron microprobe analysis of the Fe2Si sample recovered from 3 GPa
and quenched at (A) 1523 K, (B) 1805 K and (C) 1823 K. The white regions are Wrich, whereas regions richer in Si are black and Fe-Si regions are grey, as shown by
the labeled arrows. The different shades of grey indicate different compositions of
Fe-Si-W, the lighter shades representing greater W contamination. Electron
microprobe analysis shows an average of 2.2 wt%Si and 97.7 wt%Fe with no W
contamination in (A) while an average of 1.6 wt%Si, 94.0 wt%Fe and 4.3 wt%W in
(B) and 0.6 wt%Si, 80.2 wt%Fe and 19.2 wt%W in (C). From the resistivity data,
the liquidus at this P is approximately 1798 K, supporting the claim that W diffusion
is important at temperature above the liquidus.

Figures D-2, D-3 and D-4 show cross-sectional views of the recovered samples of Fe2Si at 4
GPa, Fe8.5Si at 3 GPa, and Fe17Si at 4 GPa, quenched at 2000 K (Tl = 1838 K), 2038 K (Tl =
1748 K) and 1692 K (Tl = 1633 K) respectively, alongside their chemical analyses. For Fe2Si,
the microprobe analysis showed significant contamination (32wt%W) between the W-discs and
sample after exposure to a T of 162 K above the liquidus. In this case, the contribution of W to
ρtotal is only significant in the last two data points in the liquid state, at which point ρtotal decreases
slightly with T. This was anticipated based on the Fe-W binary phase diagram (Kubaschewski,
1982) and observations in prior studies using similar pressure cell designs with Fe and W-discs
(Silber et al., 2018). For Fe8.5Si, there is 8-14wt%W contamination of the central part of the
sample after exposure to a T of approximately 290 K above the liquidus. For Fe17Si, the analyses
showed much less diffusion of 1.3-3.8%W from the discs into the central part of the sample after
exposure to a T of approximately 59 K above the liquidus. Silber et al. (2019) confirmed on
Fe4.5Si that there is no W contamination after exposure to T at or just above the liquidus and so
the electrical resistivity data collected up to these T are robust. Contrary to the Fe2Si at 3GPa,
the other data sets do not show a decrease of ρtotal at high T, suggesting the W contribution to ρtotal
several degrees past the liquidus T is not significant.

83

4.3.2

Electrical resistivity

The total electrical resistivity at 3-5 GPa for Fe2Si, Fe8.5Si and Fe17Si is displayed in Figure 43 and compared to Fe (Silber et al., 2018) and Fe4.5Si (Silber et al., 2019) data sets. The measured
trends exhibit well known behavior: ρtotal generally increases as a function of T and decreases as
a function of P. As discussed in the literature (Klemens and Williams, 1986), the electrical
resistivity of Fe-Si at low Si concentrations is expected to decrease with P and increase with T in
the solid and liquid phases, similar to Fe resistivity trend (Secco and Schloessin, 1989; Silber et
al., 2018). The total electrical resistivity of Fe2Si, Fe8.5Si and Fe17Si have trends similar to Fe
and Fe4.5Si (Silber et al., 2018, 2019) with an increase in the room T value and an overall increase
in resistivity with increasing Si content as expected. Fe2Si shows an abrupt change in ρtotal at
~1745 K indicative of a solid-liquid phase transition at 3, 4, and 5 GPa. The solid-liquid transition
in Fe8.5Si is marked by a subtle increase, while that in Fe17Si shows a decrease in ρtotal followed
by an increasing resistivity trend. Similar to the Fe trend at 3 GPa, a change in the Fe2Si trend
was observed at 1037 K, and attributed to a possible magnetic transition (from ferromagnetic to
paramagnetic) at high P similar to that observed in the reported Fe-Si binary phase diagram at 1
atm at 1017 K as shown in Figure 4-3d. A similar transition is observed at 3 GPa in the Fe8.5Si
and Fe17Si trends at 917 K and 797 K, respectively. Considering that the wire-making method
used for powdered Fe8.5Si and Fe17Si is new for ρtotal measurements, the reliability of the method
was tested by reproducing the Fe17Si trends at 3 GPa.
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Figure 4-3: The measured electrical resistivity of various Fe-Si alloys at (a) 3 GPa,
(b) 4 GPa, (c) 5 GPa measured in this study and compared with other results
(Silber et al., 2018, 2019). The changing trends in the measured resistivity of FeSi alloys can be compared to phase transitions observed in the 1 atm phase
diagram adapted from Hansen et al. (1958) and shown in (d). The red dashed
lines on the phase diagram indicate 2, 8.5 and 17 wt%Si.

The trends illustrated in Figure D-5 show that different Fe17Si sample wires, labelled as samples
#1, #2 and #3, obtained from our new wire-making method have overlapping electrical resistivity
measurements, showing that the results are reliable and are in general agreement with 1 atm data
for Fe17Si (Glaser and Ivanick, 1956). However, the electrical resistivity data for Fe-10wt%Si at
10 GPa (Pommier et al., 2019) are higher than both the 1 atm data and the data from this work as
shown in Figure D-5. Considering both the effect of impurities, which increase ρtotal, and the
effect of P, which decreases ρtotal, the ρtotal of Fe10Si at 10 GPa is expected to be lower than that
of Fe17Si at 3 GPa. Similarly, we can expect the 1 atm trend of Fe17Si (Glaser and Ivanick,
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1956) to plot above our Fe17Si at higher P, yet it plots below our 3 GPa data. Although they
seem to be converging at high T, the deviation can be explained by the difference in order and
disorder of the starting materials. The samples produced using our new wire-making method were
quenched after the mixture melted, at which point their structure had reached a maximum
disordered state, corresponding to higher ρtotal (Glaser and Ivanick, 1956; Secco, 2017).
Therefore, we expect the starting wires of Fe8.5Si and Fe17Si were in a disordered state and
Figure 4-4 confirms this.

Figure 4-4: The total electrical resistivity at 300K and 3-5
GPa (Silber et al., 2018, 2019; Gomi et al., 2013; Seagle et
al., 2013) compared to the disordered and ordered trends
observed at 1 atm (Secco, 2017) and 40 GPa (Gomi and
Yoshino, 2019). The error on the measured data points from
this study are smaller than the symbol size.
The measured Fe17Si trend in our study illustrates distinct features that are not found in the lower
Si content alloys studied. The expected behavior of a T2 dependence of resistivity for
ferromagnetic metals (Fert and Campbell, 1971; Kudrnovský et al., 2012) is not observed in our
high-pressure data nor in the 1 atm data of Glaser and Ivanick (1956). The 1 atm phase diagram
in Figure 4-3d shows various magnetic and structural transitions occur in Fe17Si, yet to our
knowledge it has not been reported how these affect ρtotal or if they are present at high P. The
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structural transitions occur between the bcc-based structures α (also referred to as A2), α1 (also
referred to as D03), α2 (also referred to as B2), ε+α1 and η+α1 (Kiyokane et al., 2017). A visual
comparison of the resistivity data for Si contents ranging from 0 to 17wt% in Figure 4-3 suggests
that the curvature in the low T region, expected from the T2 dependence of ρ in the ferromagnetic
regime, becomes less pronounced with increasing Si. At 17wt%Si, the curvature is not evident.
From quantitative analysis of the coefficient of the T2 term in the quadratic fit to the ferromagnetic
region, as shown in Figure D-6, it appears that the coefficient generally decreases with increasing
Si content. This suggests that although spin-disorder scattering may still be present, it decreases
and/or becomes less dominant at higher Si contents as impurity scattering increases. This
interpretation would explain both the existence of the magnetic phase transition shown on the
phase diagram in Figure 4-3d at 17wt%Si and the tendency toward a linear dependence of ρ on T
in the ferromagnetic region as Fe17Si composition is approached.

4.3.3

Deviations from Matthiessen’s Rule

The electrical resistivity of Fe (Silber et al., 2018) was subtracted from ρtotal at each P-T condition
to obtain the impurity resistivity of Si, ρ0, as shown in Figure 4-5. According to MR, ρ0 is expected
to be T-independent at a constant Si concentration for solid metal alloys, when the crystal
structures of the metal and metal alloys are similar. For this reason, the validity of MR can only
be evaluated at T up to 1200 K, after which Fe transitions from a bcc (α) structure to a fcc (γ)
structure, while the Fe-Si alloys remain in a bcc structure beyond 1200 K. Besides the trends for
Fe2Si, the trends of ρ0 generally show a negative dependence on T.
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Figure 4-5: The impurity electrical resistivity of Si (ρ0) in Fe-Si alloys as a
function of temperature at (a) 3 GPa, (b) 4 GPa and (c) 5 GPa, compared to
that at 4.5wt%Si (Silber et al., 2019).

The results of Gomi et al. (2016) suggest MR is valid up to approximately 11wt%Si at 40 GPa
and room T. Even though the effect of T and P are not well documented for the chemically
induced resistivity saturation value, the high ρtotal values reached by Fe17Si indicate the
concentration is above the range of validity for MR. For this reason, the following results
discussing MR only consider Fe-xSi (0 ≤ x ≤ 8.5 wt%) alloys. The electrical resistivity at 300,
750 and 1200 K is illustrated as a function of Si concentration at 3, 4 and 5 GPa in Figure 4-6ac, respectively. The slopes of the isothermal trends show the rate of change in ρtotal as a function
of Si concentration (dρ/dwt%Si in µΩ·cm/wt%Si) decreases with increasing T as shown in Figure
4-6d. Similarly, comparing the slopes at 3, 4 and 5 GPa indicate that P effects also act to decrease
the influence of Si content on the ρtotal. The variation of ρtotal along the 300 K isotherm is compared
to disorder and order trends from 1 atm data as compiled by Secco (2017), the available literature
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at 3-5 GPa (Gomi et al., 2013; Seagle et al., 2013; Silber et al., 2018), and 40 GPa data (Gomi
and Yoshino, 2018) in Figure 4-4. The composition error on the measured data points from this
study, of at most 0.5wt%, is determined by averaging sample concentration post-experiment via
microprobe analyses. Our data show an overall increasing trend as expected, yet the disagreement
between the data from this study with that at 2wt% (Gomi et al., 2013) and 9wt% (Seagle et al.,
2013), along with the internal consistencies of the studies, including this work, may be explained
by the discrepancies in the techniques used to measure or model resistivity as recognized early
on by Glaser and Ivanick (1956). In addition, the calculated ρtotal at 40 GPa by Gomi and Yoshino
(2018) indicates a negative P-dependency on ρtotal as expected, with a change in ρtotal with wt%Si
similar to that observed in disordered samples at 1 atm (Secco, 2017) and our measurements at
3-5 GPa. As shown in Figure 4-6d, the decrease in dρ/dwt%Si with increasing P and T is evident
and may be indicative of a saturation effect of Si impurity on ρtotal, invalidating entirely the
summation of ρ(T)ideal and ρ0 at high P and T and thus also MR at even lower Si concentrations
than previously understood (Gomi et al., 2016).
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Figure 4-6: The electrical resistivity at various isotherms as a function of Si impurity
content at (a) 3 GPa, (b) 4 GPa and (c) 5 GPa. The y-axes units are not displayed for
purposes of clarity. Instead, an absolute scale (scale of magnitude 50 µΩ·cm in each figure)
is given as an aid to help visualize the relative amplitudes of the slopes. Fig. 4-6 (d) shows
the change in electrical resistivity with Si content and temperature at 3-5 GPa. The slopes,
d(dρtotal/dwt%Si)/dT in units of µΩ·cm·(wt%Si·K)-1 with an error of ± 0.0001, are displayed
in the legend. The 0 and 4.5 wt%Si data are taken from the literature (Silber et al., 2018,
2019). The errors on the measured data points from this study are smaller than the symbol
size.

4.3.4

Thermal conductivity of Fe-Si alloys

The Lorenz number, used in equation (4.2), for Fe-Si liquid alloys has been estimated at T up to
2100 K and P up to 6 GPa to range between 2.2-2.4∙10-8 W∙Ω∙K-2, where the lower values are
observed at low pressures (Secco, 2017). For this study, ke is calculated using the Sommerfeld
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value, placing the results at the upper bound of ke for Fe-xSi (0 ≤ x ≤ 17 wt%) alloys. The total
thermal conductivity is expected to be somewhat larger as it is the sum of the calculated ke and
lattice component of conductivity. Results of the calculated ke at 3, 4 and 5 GPa for all
compositions Fe-Si studied here are displayed in Figure 4-7 and are compared to the calculated
ke of Fe (Silber et al., 2018) and Fe-4.5wt %Si (Silber et al., 2019) as well as values at 1 atm
(Touloukian et al., 1970).

Figure 4-7: The electronic component of thermal conductivity calculated from
the WFL as a function of temperature at (a) 3 GPa, (b) 4 GPa and (c) 5 GPa,
compared to trends of Fe (Silber et al., 2018) and Fe-4.5wt%Si (Silber et al., 2019)
at Fe-Si values at 1 atm (Touloukian et al., 1970).

At low T and low Si (0 and 2wt%), the effect of T decreases ke, while the influence of Si content
is to lower ke. The calculated thermal conductivity values are in reasonable agreement with 1 atm
values in the lower T region and indicate an overall tendency of convergence of Fe-Si alloys
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towards Fe at high T at the same P. Additionally, considering the effect of Si impurity content on
ρtotal is decreased with increased P, it is expected that the effect of Si content on ke is similar. On
the other hand, the Sommerfeld value used for the Lorenz number, as well as the WFL, are only
appropriate when discussing metal conductors. At high T, Fe-Si alloys with low Si content behave
essentially like Fe, therefore as conductors, which makes the use of the Sommerfeld value
appropriate. At low T, the contribution of Si in ke is noticeable and the trends differ from that of
Fe. Overall, adding Si content to Fe-Si alloys results in a lower conductivity as expected. More
specifically, the trends of low Si content seem to converge towards that of Fe, while the trends of
high Si content show more deviations. At high T, the effect of the Si impurity is diminished as
the trends begin to converge.

4.3.5

Lunar core

4.3.5.1

Adiabatic heat flux

The P at the lunar core ranges from 4.8 GPa at the top of the core to 5.3 GPa at the center (Garcia
et al., 2012) and one of the light elements in the lunar core is suggested to be Si as discussed
earlier. Estimates of the density at the lunar CMB using the 3rd order Birch-Murnaghan equation
of state given in the Supplementary Information suggest lunar cores of Fe9Si and Fe16Si agree
with the densities reported in Table 4-1 Thus, kc used in equation (4.1) is that of Fe-Si alloys
measured at 5 GPa. The T gradient used in equation (4.1) at constant entropy, S, or adiabatic T
𝑑𝑇

gradient, ( 𝑑𝑟 ) , is obtained from a 1D thermodynamic model of thermal convection in the lunar
𝑆

interior (Labrosse, 2003; Laneuville et al., 2014):
𝑑𝑇
( )
𝑑𝑟 𝑆

=−

2𝑟𝑇𝐶𝑀𝐵
𝐷2

(4.6)

where TCMB is the average T of 1600 K at the top of the lunar core, at a radius of 330 km, and
3𝐶𝑝,𝑐

𝐷 = √2𝜋𝛼

𝑐 𝜌𝑐 𝐺

, where CP,c is specific heat at constant P, c is thermal expansion, ρc is density,

and G is the gravitational constant. Although Fe-2,8.5,17Si have a solidus T ranging from 16151750 K, a TCMB of 1600 K is common in thermal evolution models and is reasonable considering
the insignificant change in ρtotal and kc (i.e., within errors) from 1600 K to the solidus T. The
parameter values are listed in Table 4-1 along with those used by other studies.
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Table 4-1: Parameter values used to estimate the qad at the lunar CMB.
𝑟𝑐
𝐶𝑃,𝐶
𝛼𝐶
𝑘𝑐
𝜌𝑐
[𝑘𝑚] [ 𝐽𝑘𝑔−1 𝐾 −1 ] [10−5 𝐾 −1] [𝑊𝑚−1 𝐾 −1 ] [g/𝑐𝑚3 ]
This study
330A
800B - 850C 5.25D - 10C 23.5-33.5E
5-8A
Stegman et al. (2003)
450
850
10
25-50
7.4
Zhang et al. (2013)
400
800
9
50
7.8
Laneuville et al. (2014)
330
835
11.2
50
7.8
Evans et al. (2014)
350
800
5.85
25
7.4
Scheinberg et al. (2015)
330
850
9
50
7.8
Silber et al. (2018)
N/A
800-850
5.25-10.3
33.5
N/A
Laneuville et al. (2018)
330
850
9
50
7.5
Gomi and Yoshino (2018)
N/A
N/A
N/A
38.3-55.2
N/A
Yin et al. (2019)
N/A
N/A
N/A
23.6
N/A
Jiang and Yao (2019)
330
N/A
N/A
N/A
5-8
A
Weber et al. (2011); BRückriemen et al. (2018); CStegman et al. (2003); DEvans et al. (2014);
E
This study.
Figure 4-8 illustrates the increase in qad with radius up to the CMB in the case of an Fe-Si lunar
core. The upper bounds of the plotted qad were calculated using the larger value of α and smaller
value of Cp,c as reported in Table 4-1. As expected, the heat flux resulting from an Fe2Si core is
greater than that resulting from an Fe17Si core due to the higher thermal conductivity of Fe2Si.
The heat flux profile of an Fe core is obtained using the thermal conductivity values from Silber
et al. (2018), while that of an Fe-S core, ranging from 4 – 8 wt%S, is obtained from Jiang and
Yao (2019). Their estimates of qad in the IC overlap the upper bounds of qad for an Fe9Si or
Fe17Si core, while they report generally larger values than for an Fe OC. Jiang and Yao (2019)
use a constant core density of 5.443 g/cm3 which contributes to their qad values for the OC being
higher than qad values obtained in this study using lower density. A major difference in values of
qad in the OC between Jiang and Yao (2019) and this study is the thermal conductivity where our
values are more than double the value of 10 Wm-1K-1 that they used. Although their low ρc and
kc should place their values of qad in the OC below ours, their higher values can be explained by
the large T gradient obtained from inverse modelling of the lunar interior heat flux using TCMB
ranging from 1500-1750 K as shown in Figure D-7.
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Figure 4-8: The adiabatic heat flux in an Fe-Si lunar core as a function
of radius and Si content. The upper bounds of each composition are
obtained using the larger value of α and smaller value of Cp,c as reported
in Table 4-1, while the lower bounds use the smaller value of α and larger
value of Cp,c. Reference A is Silber et al. (2018), which is used to calculate
the lunar core qad for a pure Fe core, while Fe-S (4-8 wt%S) core is from
reference B (Jiang and Yao, 2019). The corresponding pressure and
temperature at 330 km are 4.8 GPa and 1600 K (Garcia et al., 2012;
Laneuville et al., 2014). The sudden drop in qad at the ICB is due to the
sudden decrease in density (see also Figure D-7).

The heat flux on the core side of the CMB is compared to a range of values obtained by modelling
a core composition of Fe-S (≤ 31 wt% S) (Jiang and Yao, 2019; Scheinberg et al., 2015; Stegman
et al., 2003; Zhang et al., 2013), Fe-S (4-8 wt% S), Fe-Si (2.56 and 8.11 wt% Si) (Gomi and
Yoshino, 2018), FexP (1<x<3) (Yin et al., 2019), and Fe (Evans et al., 2014; Laneuville et al.,
2018; Laneuville et al., 2014; Silber et al., 2018) as shown in Figure 4-9a.
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Figure 4-9: (A)The adiabatic heat flux at the lunar CMB from several data sources.
Fe-Si data from this study are shown by the red rectangles. The other data are labelled
by the compositions and superscripts are references. Reference a is Laneuville et al.
(2014), b is Stegman et al. (2003), c is Zhang et al. (2013), d is Gomi and Yoshino
(2018), e is Scheinberg et al. (2015), f is Silber et al. (2018), g is Evans et al. (2014), h
is Jiang and Yao (2019), i is Laneuville et al. (2018), and j is Yin et al. (2019). The
labels in bold indicate experimental studies. (B) Five models of heat flux through the
lunar CMB calculated by Laneuville et al. (2018). The horizontal sides of the red
rectangle show the range of qad determined in this study for a core composition of FexSi (2<x<17 wt%Si). The vertical sides of the red rectangle show the corresponding
range of ages for the cessation of dynamo activity based on the five models plotted.

The studies referenced here use comparable parameters to those used in our study with the main
difference being the choice of kc as shown in Table 4-1. A value of 50 Wm-1K-1 is commonly
used for kc while Silber et al. (2018), Stegman et al. (2003), Evans et al. (2014), Gomi and
Yoshino (2018) and Yin et al. (2019) considered lower values. Our study introduces even lower
values of kc of 23.5 to 33.5 Wm-1K-1 for a Si-rich core. The resulting qad at the top of the core is
considerably lower than the reported qad of an Fe-S core (Jiang and Yao, 2019; Scheinberg et al.,
2015; Stegman et al., 2003; Zhang et al., 2013). Gomi and Yoshino (2018) calculated ρtotal of Fe2.56wt%Si and Fe-8.11wt%Si and Yin et al. (2019) measured ρtotal of Fe3P, which we use with
equations (4.1) and (4.2) to obtain qad. The same method is used to obtain qad values for Fe2P and
FeP, which are found to be considerably lower than all the other works reported. The resulting
qad from Gomi and Yoshino (2018) is greater than that of the Fe2Si and Fe8.5Si calculated in this
work. In addition, the calculated qad values of Fe2Si, Fe8.5Si and Fe17Si from this work are
within the lower range of values reported by Silber et al. (2018) for an Fe core. The resulting qad
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of Fe3P from Yin et al. (2019) is comparable to the results of this work, however, their
measurements were carried out at 3.2 GPa, which is lower than the expected P at the lunar CMB.
This would result in their qad at ~5GPa to be slightly greater than plotted. In summary, the qad of
the lunar core is found to be lower than previously thought if we consider a Si-rich core.

4.3.5.2

Lunar dynamo – dating the end of the high intensity magnetic
era by thermal convection

In Figure 4-9b, we apply qad values of 1.1 – 3.3 mW/m2 from this study to the five evolution
models of heat flux through the lunar CMB by Laneuville et al. (2018). This suggests that qCMB
was greater than qad for a Fe-xSi (2<x<17 wt%Si) core until 3.32 - 3.80 Ga, depending on model
chosen, and therefore could have been able to sustain a lunar dynamo by thermal convection.
Thus, our age estimates provide a range of end dates of the high intensity magnetic era of 3.32 3.80 Gyr which is consistent with 3.7 Gyr suggested by Evans et al. (2014) and Laneuville et al.
(2014). This is somewhat expected since they used a critical core adiabatic heat flux value of 2.4
mW/m2 which is in the middle of the range we determined from our high-pressure experiments.
Our age estimates for the end of the high intensity magnetic era depend weakly on Si content but
could explain the remanent magnetization in lunar samples formed as late as 3.56 Gyr (Shea et
al., 2012; Suavet et al., 2013), implying thermal convection was enough to power the early lunar
dynamo during the high intensity magnetic era. An Fe-S lunar core would place the thermal
convection shut-off of the dynamo at 3.80 Ga, thus making it difficult to reconcile the age of
these magnetized samples unless compositional convection, and possibly mechanical stirring
(Dwyer et al., 2011), were strong enough to power the dynamo in the absence of thermal
convection. The surface paleointensities produced by the mechanical stirring models are
generally lower than observations during the high intensity magnetic era but compositional
convection may have added energy to the dynamo. The compositional convective power depends
not only on IC size but also on core alloy composition. Laneuville et al. (2018) modeled an Fe4wt%S core and despite a fully grown IC, they calculate the energy provided by chemical
buoyancy alone to be insufficient to power the dynamo after 3.5 – 3.75 Ga. Regardless,
paleointensity measurements indicate the intensity of the lunar dynamo decreased considerably
(Shea et al., 2012; Suavet et al., 2013; Tikoo et al., 2014) at ~3.56 Gyr which suggests that in the
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absence of thermal convection, both mechanical stirring and/or compositional convection were
insufficient energy sources to power the lunar dynamo during the high intensity magnetic era. In
fact, it has been suggested that the dynamo was powered only by thermal convection during its
high intensity period followed by a switch in mechanism to mechanical stirring and compositional
convection which caused a sudden drop in intensity and a persevering weak intensity (Weiss and
Tikoo, 2014). What caused the switch is unknown but a change from bottom-up to top-down IC
crystallization, dictated by evolving S concentration in the OC, is a possibility (Weiss and Tikoo,
2014).

4.4

Conclusion

The impurity dependence of ρtotal of Fe-Si alloys has been experimentally measured at 3-5 GPa
and at T up to ~300 K above the liquidus. The resistivity trends converge toward a constant value
at high T. The results show an increasing trend in ρtotal on isotherms with increasing Si content at
all P, which agrees with MR behavior. Yet, when analyzing ρ0 at various Si impurity contents, it
was found that the trends do not remain constant as predicted by MR. In addition, the slope of
ρtotal as a function of Si impurity at constant P was found to decrease with increasing T, indicating
a negligible contribution of the Si impurity to the ρtotal at high T. Similarly, the effect of P is
observed to further decrease the influence of Si impurity on ρtotal. The results of this study suggest
a non-negligible influence of Si impurity content on the thermal conductive properties of Fe-Si
at both high P and T. While at low Si impurity content, ke agrees with that of Fe in the liquid state,
the divergence is more significant in the 8.5 and 17wt%Si trends. Assuming the validity of WFL
at extreme conditions, the thermal conductivity is used to estimate the lunar qad based on the
candidacy of Si as a light element present in the lunar core. Combining our results with models
of lunar core heat flux through the CMB, and using our calculated core adiabatic heat flux values
for an Fe-Si lunar core, we date the end of the thermally driven magnetic field era of the lunar
dynamo to be in the range 3.32 - 3.80 Ga.
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Chapter 5

5

Adiabatic Heat Flow in Mercury’s Core from Electrical
Resistivity Measurements of Liquid Fe-8.5wt%Si to 24 GPa

A version of this chapter has been published as:
Berrada, M., Secco, R. A., and Yong, W. (2021). Adiabatic Heat Flow in Mercury’s Core from
Electrical Resistivity Measurements of Liquid Fe-8.5wt%Si to 24 GPa. Earth and Planetary
Science Letters. 568, 117053
Additional pictures of the recovered samples are displayed in Appendix C.

5.1 Introduction
5.1.1

Origin of Mercury’s dynamo

Mercury has the weakest intrinsic magnetic ﬁeld in the solar system and is approximately 1% of
the intensity of Earth’s magnetic field (Ness et al., 1976). Similar to other terrestrial bodies,
Mercury’s magnetic field is thought to originate from an internal dynamo generated by
convection in an electrically conductive metallic region of the planet. However, the internal
structure of Mercury is not well constrained, nor is the conductive region producing the dynamo.
Various studies suggest the presence of a thermally stratified layer of Fe-S at the top of an Ferich core which could support a dynamo of similar intensity as Mercury’s present field
(Christensen, 2006; Christensen and Wicht, 2008; Dumberry and Rivoldini, 2015; Pommier et
al., 2019). The presence of a thermally stratified layer acts as an insulating layer and decreases
the temperature (T) difference between the mantle and core-mantle boundary (CMB), which
favors a sub-adiabatic heat flow on the core side of the CMB. Yet, it is unclear if this thermally
stratified layer is liquid (Buono and Walker, 2011; Pommier et al., 2019) or solid (Smith et al.,
2012; Stevenson, 2012) because of its light element content.
Silicon has been considered as a potential alloying element with Fe in Mercury’s core. It has been
shown that a sub-adiabatic Fe-(7-20wt%)Si core may cool at different rates depending on depth
in the core and this could stimulate inner core (IC) solidification and consequently magnetic field
generation (Knibbe and van Westrenen, 2018). This range of core composition is in general
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agreement with theoretical and experimental constraints on Mercury’s core composition
indicating at least 5 wt%Si (Malavergne et al., 2010) and up to 25 wt%Si, although such a high
Si content is unlikely (Chabot et al., 2014). It has recently been suggested that 10.5 wt%Si would
be a more plausible Si content in Mercury’s core (Terasaki et al., 2019; Steinbrügge et al., 2021).
The nature of the convection mechanism(s) driving the dynamo throughout Mercury’s evolution
is debated. The upper part of the core becomes thermally convective when the heat drawn from
the core through the CMB is greater than the heat conducted along the core adiabat. On the other
hand, the upper part of the core is thermally conductive when the heat drawn from the core
through the CMB is less than the adiabatic heat flow, which results in a thermally stratified stable
layer between the core and mantle. Thermal evolution modelling of an Fe-Si core indicates that
the heat flow at the top of the core is not necessarily representative of that throughout the core
(Knibbe and van Westrenen, 2018). Indeed, the increased pressure and larger latent heat in the
deep core suggest that the heat flow in the deep core is more likely super-adiabatic, although a
sub-adiabatic heat flow throughout the core is a recurring scenario (Knibbe and van Westrenen,
2018).
Typically, thermal convection dominates heat transport in the core early in the evolution of a
planet and chemical convection takes over once an inner core starts to grow. At this point,
chemical convection becomes a relevant mechanical stirring mechanism, in addition to the
established thermal convection, to power the planet’s magnetic field. The generation of a dynamo
requires a conductive fluid, kinetic energy provided by planetary rotation and an energy source
to drive convection within the conductive fluid (Vázquez et al., 2010). It is argued that a selfsustained dynamo driven by chemical convection in the core would be the most plausible source
of energy for the present weak magnetic ﬁeld (Stevenson et al., 1983; Schubert et al., 1988; Hauck
et al., 2004; Christensen, 2006; Anderson et al., 2011; Grott et al., 2011; Tosi et al., 2013).
Chemical convection is suggested to be powered by an Fe-snow regime. In the case where the S
content of Mercury’s core is more than approximately 7 wt%, solid Fe precipitates downwards
forming a stably stratified layer of Fe-S at the top of the core, in agreement with the internal
structure of Mercury introduced earlier (Chen et al., 2008; Breuer et al., 2015). This Fe-snow
regime creates a downwards freezing of the core, different from the Earth-like dynamo where the
IC freezes outwards from the center (Chen et al., 2008; Breuer et al., 2015). In the case where the
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S content of Mercury’s core is less than approximately 7 wt%, Mercury’s IC freezes outwards
from the center, creating a liquid OC enriched in S and eventually forming a stably stratified layer
of Fe-S at the top of the core (Chen et al., 2008; Breuer et al., 2015). The IC begins to form when
the Fe-alloy crosses the melting boundary as temperature (T) lowers due to the cooling of the
planet.
The lifetime of a thermally driven dynamo and onset of a chemically driven one, caused by the
enriched light element content above the IC boundary, depend on the heat flow along the core
adiabat and latent heat released which in turn depend on the light element content. In the absence
of a radiogenic heat source in the core, a thermally driven dynamo would have a shorter lifetime
for a high heat flow along the core adiabat, resulting from a high core thermal conductivity, as it
would transport heat faster. In the case of an Fe-Si core, a high temperature at the CMB would
increase thermal conductivity suggesting a shorter lifetime for a thermally driven dynamo
(Berrada et al., 2020). However, an increased light element content in the core reduces the thermal
conductivity and thus the heat flow along the adiabat, resulting in an increased lifetime for a
thermally driven dynamo (Schubert et al., 1988; Hauck et al., 2004; Grott et al., 2011; Tosi et al.,
2013). It may be possible to constrain the time period when thermal convection ceased by
inference from when the heat flow through the CMB became lower than the conductive heat flow
at the top of the core. This period also marks the time when chemical convection became the
main mechanical stirring mechanism, which would indicate the presence of an IC. A change in
the convection process driving the dynamo is not observable in Mercury’s magnetic field history
since the remanent magnetization at the surface only indicates that the onset of dynamo action in
the core occurred no later than 600-800 Myr after formation or at 3.7-3.9 Gyr (Johnson et al.,
2015). Several thermal evolution models of the core suggest a sub-adiabatic T profile in the core,
which implies the presence of an IC, was achieved within the first 100 Myr (Hauck et al., 2004;
Grott et al., 2011; Tosi et al., 2013) in agreement with Johnson et al. (2015).

5.1.2

Heat flow on the core side of Mercury’s CMB

Comparing the adiabatic heat flow on the core side of the CMB (qad) with models of the total heat
flux through the CMB (qCMB) indicates periods where qad<qCMB, when at least the top of the core
was super-adiabatic and periods where qad>qCMB, when at least the top of the core was sub-
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adiabatic. In scenarios where the heat flow is super-adiabatic throughout the core, thermal
convection is the main fluid convective mechanism to sustain the dynamo. While in scenarios
where the heat flow is sub-adiabatic throughout the core, chemical convection is the main fluid
convective mechanism. The adiabatic heat flow is described as follows:
𝑞𝑎𝑑 = −𝑘𝑐

𝛼𝑔𝑇
𝐶𝑝

(5.1)

where kc is the thermal conductivity of the core, 𝛼 is the thermal expansion coefficient, 𝑔 is the
gravitational acceleration, T is the temperature at the top of the core, and 𝐶𝑝 is the heat capacity
at constant pressure (P). Thermal conductivity is the sum of the contributions by electrons and
phonons. For metals and predominantly for metallic alloys, the electronic contribution to thermal
conductivity (ke) is the dominant component and may be related to the electrical resistivity of
metals via the Wiedemann-Franz Law (WFL) as follows:
𝑘𝑒 =

𝐿0 𝑇
𝜌

(5.2)

where L0 is the constant theoretical Sommerfeld value (𝐿0 = 2.44∙10-8 W∙Ω∙K-2) of the Lorenz
number. In the case of an Fe-Si alloy core, ke can be calculated from direct measurements of the
total electrical resistivity (ρ) of Fe-Si alloys, which is the experimental focus of this study.

5.2
5.2.1

Methods
Electrical resistivity measurement

Measurements of ρ of Fe-8.5wt%Si (hereafter referred to as Fe8.5Si) at P from 5-24 GPa and at
T into the liquid state were carried out in a 3000-ton multi anvil press. The design of the pressure
cell is described in previous works carried out on Fe (Silber et al., 2018; Yong et al., 2019) and
Fe-Si alloys (Silber et al., 2019). High T was achieved by ohmic heating by passing a high
alternating current through a cylindrically shaped furnace surrounding the sample. For the 4-wire
resistance measurement, a power supply (Keysight B2961) provided a constant direct current (I)
of 0.2 A and a data acquisition meter (Keysight 34470A), operating at 20 Hz and 1 µV resolution,
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collected the voltage drop (V) across the sample. The two ends of the wire-shaped sample were
in contact with two type-C (W5%Re-W25%Re) thermocouples (TC) which also served as
current/voltage electrodes in voltage measurement. Sample-electrode contact was ensured
through W-discs placed between the sample and the electrodes. The series contribution of the Wdisc to ρ was later removed by subtracting W resistance values extrapolated from high T
measurements of W resistivity at high P (Littleton et al., 2019). A switch was used to change
between the two modes of measurement throughout the experiment. While in voltage mode, a
current polarity switch was used to obtain positive and negative measurements to account for any
voltage bias caused by thermal gradient or any parasitic voltages. The electrical resistivity was
then calculated using a combination of Ohm’s law and Pouillet’s law:
𝜌=

𝑉 𝐴
∙
𝐼 𝑙

(5.3)

where 𝐴 is the cross-sectional area and 𝑙 the length of the sample. The samples of Fe8.5Si were
obtained in powder form by GoodFellow Inc. (99.5% purity), and then melted into a wire of
0.51mm diameter as described by Berrada et al. (2020). Experiments at 5-9 GPa were carried out
in an 18/11mm (octahedron edge length / edge length of truncated tungsten carbide cube), 10-12
GPa in 14/11mm, 14-18 GPa in 10/5 mm and 20-24 GPa in 8/3 mm octahedral pressure cells.
For this reason, the length of the sample was 1.77 mm for 18/11mm, 1.65 mm for 14/11mm, 1.52
mm for 10/5 mm, and 1.02 mm for 8/3 mm cell assemblages. The sample was housed in a singlehole alumina tube of 0.51mm inner diameter surrounded by boron nitride (in the 18/11, 14/11
and 10/5mm cells) or by another alumina tube (in the 8/3mm cells). The alumina tube was then
fitted into a Re foil furnace. The assembly was placed into a ZrO2 or LaCrO3 tube to provide
thermal insulation.

5.2.2

Processing recovered samples

The recovered samples were ground to the maximum diameter to expose the widest cross-section
of the wire sample. Ten measurements of diameter and length were made using a Nikon SMZ800
microscope at 40x magnification. The average diameter and length were used to obtain the crosssectional area of the sample post experiment. The largest decrease in length was 0.04mm. The
uncertainty in ρ, varying between 5 µΩ·cm at low T and 9 µΩ·cm at high T, is calculated using
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standard error propagation of the uncertainty on the sample geometry and standard deviation in
voltage drop measurements. Similarly, ten measurements of T taken immediately before and
after each voltage measurement were averaged to obtain the reported T of a given data point. The
melting T, Tm, was defined by the T at which an abrupt change in trend, usually a slight increase,
of ρ was observed. The typical error on T can reach up to ±50 K once in the liquid state, based
on the measurements of the two thermocouples placed in each experiment and the standard
deviation of the T measurements. Finally, the chemical composition of the sample post
experiment was determined with a JEOL JXA-8530F field-emission electron microprobe (EMP)
operating with a 50 nA probe current, a 20 kV accelerating voltage, and a 10 µm spot-size beam.

5.3
5.3.1

Results and discussion
Melting and Composition of Samples Recovered from Liquid
State

A cross-sectional view of a sample quenched from 20 GPa and 140 K above melting, along with
the chemical composition analysis (Fig. 5-1), show the diffusion of the W-discs into the sample
to decrease significantly away from the discs. Such amounts of diffusion are expected based on
prior observations on Fe (Silber et al., 2018), Fe4.5Si (Silber et al., 2019) and Fe-Si (Berrada et
al., 2020) assemblies with W-discs, and based on the Fe-W binary phase diagram (Kubaschewski,
1982).
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Figure 5-1: Cross-sectional view of a Fe8.5Si sample quenched from 20 GPa and 2122
K, along with the chemical analysis. The sample, W-discs and TC are indicated on the
cross-sectional view.

Fig. 5-2 shows a summary of the EMP data on W contamination (vol%) in quenched samples at
various P. The conversion from wt% to vol% was carried using the density of W (19.3 g/cm3
(Midwest Tungsten Service)) and density of Fe8.5Si (7.386 g/cm3 (Huang et al., 2019)) at room
T and 1 atm. The resulting trend indicated that W contamination increases with T and time above
Tm and is likely to only begin on melting. The diffusion of W into the sample as both T and time
increases contributes to increasing ρ by adding an impurity scattering mechanism to the total
measurement of resistivity of the melt. The contribution of W is estimated by extrapolating
Littleton et al. (2019) resistivity data on W to high P and T and comparing with the amount of W
diffusion in quenched sample. The results show that the contribution of W after melting is within
the standard deviation of ρ measurements at each P. Although Fig. 5-2 shows results at 12 GPa,
several attempts to make measurements of ρ at 12 GPa were not successful due to repeated broken
wires in both the 14/8 mm and 10/5 mm cells.
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Figure 5-2: W content in quenched samples in relation to
temperature reached relative to Tm. The experimental pressures
are labelled by the corresponding vol% data. The inset shows the
average speed at which temperature is increased above Tm.

5.3.2

Electrical resistivity

The total electrical resistivity at 5-24 GPa for Fe8.5Si is displayed in Fig. 5-3 and compared to
measurements of Fe8.5Si at 3-5 GPa from Berrada et al. (2020). The reliability of design and
repeatability of the measured values are assessed by comparing data obtained for Fe at 8 GPa in
this study with Silber et al. (2018), which used a similar design. Ezenwa and Yoshino (2021),
who used a different design with an Fe electrode and Fe disks, measure a similar value of ρ of Fe
at 8 GPa just before melting, within the error bars shown in Fig. 5-3. Another important
comparison is between the 5 GPa data from Berrada et al. (2020) obtained in a cubic anvil press,
and the 5 GPa data obtained in this study in a multi-anvil press. The data are very consistent up
to 1600 K but diverge somewhat at higher T. The difference may be explained by the different
cell design and configuration that each press requires. Although the difference is reasonable and
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within error bars, the 5 GPa data from this study seems to be in better agreement with the 3 GPa
and 4 GPa data from Berrada et al. (2020).

Figure 5-3: Electrical resistivity measurements of Fe8.5Si as a function of
temperature from 5-24 GPa, compared to measurements of Fe8.5Si at 3-5 GPa
(Berrada et al., 2020) and Fe at 8 GPa (Silber et al., 2018; Ezenwa and Yoshino,
2021). The error bars vary between 5 µΩ·cm at low T and 8 µΩ·cm at high T.

The total electrical resistivity of Fe depends on the scattering rate of conduction electrons caused
by (i) electron-phonon interactions (scattering by lattice vibrations), (ii) electron-magnon
interactions (spin-disorder scattering), and (iii) electron-electron interactions. In ferromagnetic
metals, electron-magnon interactions increase as a function of T2 up to the Curie T (Tc) and
dominate ρ. In the case of Fe-Si alloys, the scattering caused by electron-lattice defects/impurities
interactions must also be considered. This scattering results from increased lattice distortions,
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decreasing the electron mean free path, resulting in a larger ρ. At low T, the effects of scattering
mechanisms (i), (ii), and (iii) are negligible such that ρ is defined by electron-lattice
defects/impurities interactions. At high T, the scattering mechanisms (i), (ii), and (iii) become
more important, whereas the lattice defects/impurities have the same T-independent contribution
to overall scattering that results in a lower relative contribution to ρ. While the effect of T is
generally a net increase in ρ, P decreases lattice vibrations which increases the electron mean free
path and results in a net decrease in ρ. As expected, ρ of Fe8.5Si increases with T and decreases
with P similar to Fe (Secco and Schloessin, 1989; Silber et al., 2018; Berrada et al., 2020).
However, the T2 dependence of ρ is not as obvious in Fe8.5Si as it is in Fe indicating that the
impurity scattering has a greater contribution to ρ of Fe8.5Si at low T as expected. Above Tc, ρ
slightly decreases and then remains approximately constant, which is attributed to the
ferromagnetic to paramagnetic transition, prior to increasing before the melting transition.

5.3.2.1

Low temperature phase transition

The ρ of 6-8 GPa decreases slightly from 490 K to 625 K, at which point it resumes a trend similar
to that at other P. Repeated measurements at 6-8 GPa suggest a solid-solid phase transition, as
shown in Fig. 5-4, which does not appear in the Fe-Si phase diagram at 1 atm (Kubaschewski,
1982) and is not predicted in the Fe9Si phase diagram explored above 20 GPa (Fischer et al.,
2013). As T is increased for the first time, labelled the preheating run, it is typical to observe a
slight decrease in ρ once the internal electrical components achieved better contact, which is
observed between 725-825 K. However, this is followed by an abrupt peak at ~1270 K which
may suggest a possible order-disorder transition considering that disordered states have higher ρ
than ordered states (Glaser and Ivanick, 1956; Secco, 2017). During the preheating run, the
sample transitions from phase A to phase B and is then slowly cooled to room T. At room T
however, ρ begins to increase which suggests that phase B converts to a new stable phase C after
several minutes. As T increases for a second time, ρ increases until 490 K, at which point it
decreases until it reaches phase B at 625 K. Since the focus of this work is on the resistivity in
the high T region, primarily just before and after melting, our main results do not hinge on the
present qualitative interpretation of these phases. Further investigation, namely in-situ x-ray
diffraction analysis, is necessary to determine the nature of these potential new phases.
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Figure 5-4: (a) Electrical resistivity measurements of Fe8.5Si at 8 GPa showing
a hysteresis loop. The starting material is labelled as Phase A. (b) Repeated runs
at 6-8 GPa showing consistent behavior at low T. The T is first increased until
approximately 1400 K, at which point the electrical resistivity measurement
reached the expected value (phase B). The sample is then slowly cooled down to
room T. Once at room T, the electrical resistivity value increases until it
stabilizes (phase C). The T is increased a second time and a transition between
phase C and phase B is observed.

5.3.2.2

Solid-liquid transition

The structure of liquids is highly disordered, yet ρ is similarly governed by the mechanisms (ii),
and (iii), with the additional contribution caused by electron-ion interactions (Ziman, 1961). The
change of ρ on melting and the T-dependence of ρ in the liquid can be defined by the structure
factor, which is given by the Fourier Transform of the radial distribution function of the ions in
the liquid. The solid-liquid transition is indicated by a small increase in ρ up to 16 GPa, then a
decrease from 18-24 GPa, as measured in this study at T close to the expected Tm as given by
(Fischer et al., 2013). The effect of P on the solid (ρsolid) and liquid (ρliquid) side of the melting
boundary of Fe8.5Si from 5-24 GPa as shown in Fig. 5-5 is compared to the literature on Fe8.5Si
at P up to 5GPa (Berrada et al., 2020), Fe4.5Si (Silber et al., 2019) and Fe (Ohta et al., 2016;
Silber et al., 2018; Yong et al., 2019). A linear decrease in ρsolid and ρliquid of Fe8.5Si is observed
from 3-10 GPa, after which both have a weighted average of 127 µΩ·cm. This value is greater
than the weighted average of Fe of 120 µΩ·cm beginning at 6 GPa for ρliquid, which is the pressure
value of the δ-γ-liquid triple point, and 112 µΩ·cm beginning at 3 GPa for ρsolid. On the other
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hand, Fe4.5Si, which has almost half the Si content of Fe8.5Si, seems to also be constant at 120
µΩ·cm and differs little from the value of Fe past 6 GPa. The shaded area around 5 GPa in both
figures corresponds to the P range of Mercury’s CMB. The constant behavior of ρsolid and ρliquid
for Fe8.5Si at high P is consistent with the unusual ρ trends of 18-24 GPa discussed earlier.

Figure 5-5: Electrical resistivity on the (a) solid side and (b) liquid side of the
melting boundary of Fe8.5Si from 5-24 GPa (note 24 GPa data for both Fe and
Fe8.5Si overlap in (b)), compared to Fe8.5Si from 3-5 GPa (Berrada et al., 2020),
Fe4.5Si (Silber et al., 2019) and Fe (Ohta et al., 2016; Silber et al., 2018; Yong et
al., 2019). The weighted averages are displayed next to the trendlines. The shaded
area corresponds to the pressure range of Mercury’s CMB. CAP refers to a Cubic
Anvil Press, MAC refers to a Multi Anvil Press, and DAC refers to a Diamond
Anvil Cell.

5.3.2.3

Phase diagram

The melting T values as a function of P obtained from the resistivity signature are shown in Fig.
5-6. They are in general agreement with the phase diagram of Fe9Si by Fischer et al. (2013)
within the uncertainty in T measurements from this study and the uncertainties in their
extrapolation. To account for the uncertainty in defining the last solid and first liquid data point,
the gap between the assumed solidus and liquidus is added to the measurement error (± 50 K) to
obtain the uncertainty at melting. The Curie T, up to 14 GPa, is included and labelled as the
magnetic transition. Data from Lin et al. (2002) show that, at 16 GPa, Fe8.5Si is in the hcp+B2
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phase region at 300 K and transitions from hcp+B2 to fcc+B2 at 1000 K. The estimated
boundaries by Fischer et al. (2013) between the B2, hcp+B2, and hcp are extrapolated to include
Lin et al. (2002) data.

Figure 5-6: The melting T from 5-24 GPa is compared to a phase
diagram of Fe9Si by Fischer et al. (2013), Fe8.5Si at 3-5 GPa
(Berrada et al., 2020) and 1 atm data by Kubaschewski (1982).
The Curie T, up to 14 GPa, is included and labelled as the
magnetic transition. Inset (a), from Fischer et al. (2013), shows
that the melting boundary of Fe9Si is estimated below 20 GPa
from lower bounds (filled blue circles) and upper bounds (filled
black circles) on melting temperatures.

5.3.3

Thermal conductivity

Measurements of ρ of Fe8.5Si were used along with equation (5.2) to calculate ke. Recent work
on the variation of the Lorenz number with pressure suggests that the Lorenz number varies from
2.2 to 2.4 ∙10-8 W∙Ω∙K-2 at P up to 6 GPa, indicating that the Sommerfeld value (2.44 ∙10-8 W∙Ω∙K2

) is an upper bound of the Lorenz number (Secco, 2017). Even though the calculated ke. might
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be slightly overestimated, the total thermal conductivity is expected to be larger as it accounts for
both ke and the lattice component. Fig. 5-7 shows that the calculated ke linearly increases with T
and P. Thermal conductivity measurements of Fe8.68Si from Hsieh et al. (2020) show a decrease
in ke with P, suggesting a change in P-dependence between 24 and 47 GPa. Above 120 GPa, the
ke behavior observed by Hsieh et al. (2020) unexpectedly decrease with T. As suggested by Pozzo
et al. (2022), this may be due to the presence of partial melt in their experimental samples. The
uncertainty in ke, varying between 0.5 Wm-1K-1 at low T and 3 Wm-1K-1 at high T, is calculated
by propagating the uncertainty on ρ. The calculated ke at 18-24 GPa shows a slight deviation from
the trend, which is expected considering the ρ behavior as it approaches the liquid state.

Figure 5-7: The electronic component of k of Fe8.5Si from 5-24 GPa
calculated using equation (5.2) and compared to Fe8.68Si at high P
(Hsieh et al., 2020). The error on measurements is 0.5 Wm-1K-1 in the
low T range and 3 Wm-1K-1 in the high T range.
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5.3.4

Adiabatic heat flux in Mercury’s core

The calculated ke of Fe8.5Si from 5-7 GPa from this study was used along with equation (5.1) to
calculate qad at the top of an Fe8.5Si rich Mercury core. The parameters used agree with the
literature and are compared to several studies in Table 5-1.
Table 5-1: Parameters used to calculate qad at Mercury’s CMB.

Stevenson et al.
(1983)*
Schubert et al.
(1988)*
Christensen
(2006)*
Tosi et al. (2013)*
Deng et al. (2013)
Ogawa (2016)*
Knibbe and van
Westrenen (2017)*
Knibbe and van
Westrenen (2018)*
Silber et al. (2018)
Ezenwa and Secco
(2019)
Silber et al.
(2019)**
Pommier et al.
(2019)**
(Berrada et al.,
2020)**
This study

Composition
[wt%]

𝛼
[10-5K-1]

𝑔CMB
[m/s2]

CP
[JKg-1K-1]

TCMB
[K]

PCMB
[GPa]

kc
[Wm-1K-1]

Fe(1-5)S

-

-

-

1880

-

40

Fe(2-3)S

3

3.8

-

1880

-

-

Fe-S

3

-

700

2200

-

43

Fe(6-10)S
Fe
Fe

5.8
3, 5.8

>3.7
3.7

850
840

1600-1700
1800-2200
1500-2100

>5
7
-

40
113-125
-

Fe(0, 17, 23)Si

3-7.5

-

-

1800-2200

>4

-

Fe(7-20)Si

8-11

>3.7

835

1800-2200

-

30-60

Fe

-

4

-

1900

5-8

41±4

Fe

8.9

4

835

1880

5

37

Fe4.5Si

8.9[A]

4[B]

835[C]

16002100[D]

4-7[E]

38.6-39.0

8.9[A]

4[B]

835[C]

2000

6

8.9[A]

4[B]

835[C]

16002100[D]

4-5[E]

8.9[A]

4[B]

835[C]

16002100[D]

5-7[E]

Fe-Si
FeSi
Fe-Si-S
Fe2Si
Fe8.5Si
Fe17Si
Fe8.5Si

14
10
15
31.8-36.1
31.0
22.9-24.4
32.0-32.9

*Theoretical studies; ** qad was calculated using equation (5.1) and the ke values reported in this
study; [A] Secco (2017); [B] Rivoldini and Van Hoolst (2013); [C] Desai (1986); [D] Hauck et al.
(2013); [E] Knibbe and van Westrenen (2018).

Fig. 5-8(a) compares the calculated qad of this study shown by the blue shaded region, to thermal
evolution models of the core heat flow based on a compositionally stratified core (Ogawa, 2016)
and an Fe-Si rich core (Knibbe and van Westrenen, 2017). Note that the studies that used material
properties relevant for thermal modeling of Fe did not necessarily assume a pure Fe core. Fig. 58(b) extends the comparison to qad of various core compositions. In the range of qad calculated
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from our study, the thermal evolution models (Ogawa, 2016; Knibbe and van Westrenen, 2017)
provide a tightly constrained time window during which the core evolves from super-adiabatic to
sub-adiabatic conditions. The calculated qad of an Fe8.5Si core at P from 5-7 GPa intersects the
thermal evolution models in the range 0.08 to 0.22 Gyr after formation, after which the core is
sub-adiabatic and thermal convection shuts off, in agreement with the literature (Hauck et al.,
2004; Grott et al., 2011; Tosi et al., 2013). This implies that following 0.08 to 0.22 Gyr after
formation, chemical convection became the main fluid convective mechanism to drive the
dynamo. The uncertainty on qad is due to the range of possible P and T at the core side of the
CMB. In general, the qad results for an Fe-Si core are considerably higher, and thus the time
window for switching from super-adiabatic to sub-adiabatic core heat flow is considerably earlier,
than estimates of an Fe-S core. The corresponding results for an Fe core are more closely aligned
with an Fe-Si core. The distribution of qad estimates for an Fe-Si core possibly represents the
range of Si content, as a low Si content results in a qad comparable to Fe and a high Si content
results in a lower qad. Yet, theoretical studies (denoted by the * in Table 5-1) seem to report a qad
consistently lower than experimental studies. The onset of a chemically driven dynamo
approximately 0.08-0.22 Gyr after formation is only relevant in the case of an Fe8.5Si core.
Mercury’s core may not only be composed of Fe and Si, and small amounts of S may be present
(Knibbe and van Westrenen, 2018). Thus, the qad and onset of a chemically driven dynamo are
likely affected by the presence of other light elements.

Figure 5-8: (a) The core adiabatic heat flux at Mercury’s CMB for an
Fe8.5Si core calculated in this study and shown by the shaded blue area,
compared to the literature values for different compositions. The data are
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labelled by the compositions and the letters give the reference. Reference [a]
Berrada et al. (2020), [b] Silber et al. (2019), [c] Ezenwa and Secco (2019),
[d] Silber et al. (2018), [e] Deng et al. (2013), [f] Knibbe and Westrenen
(2018), [g] Pommier (2019), [h] Stevenson et al. (1983), [i] Schubert et al.
(1988), [j] Christensen (2006), and [k] Tosi et al. (2013). The * denotes
theoretical studies. (b) Three models of heat flux through Mercury’s CMB
calculated by Ogawa (2016) and Knibbe and van Westrenen (2017). The
horizontal edges of the black dotted rectangle show the range of qad
determined in this study for a core composition of Fe8.5Si. The vertical
edges of the black dotted rectangle show the corresponding range of ages of
0.08-0.22 Gyr based on the three models plotted, before which the core was
super-adiabatic and after which the core is sub-adiabatic.

5.4

Conclusion

The dependence of ρ along the melting boundary has been experimentally measured from 5-24
GPa and at T up to ~300 K above melting. The effects of P and T on ρ, decreasing and increasing
respectively, are as expected. A possible solid-solid phase transition occurs at low T between 68 GPa, however such transition is not found in the literature. Assuming the validity of the WFL
at these high P and T, ke was used to calculate qad at the top of an Fe8.5Si core. When compared
to thermal evolution models of qCMB, the heat flow at the CMB, at least the top of the core, in the
case of an Fe8.5Si core, became sub-adiabatic in the range of 0.08 to 0.22 Gyr after formation,
in agreement with the literature. This suggests the end of the thermally driven magnetic field in
the range 0.08 to 0.22 Gyr after formation, after which chemical convection became the main
mechanical stirring mechanism to generate the magnetic field. This interpretation is based on the
adiabatic state at the top of the core to be representative of the entire core, which may not be the
case. The invariant ρ behavior of Fe8.5Si observed from 10-24 GPa along the melting boundary,
when extrapolated to the ICB of Mercury at 33 GPa, suggests an invariance in ke between the
solid and liquid side of Mercury's ICB. Thus, no excess heat is transferred across the ICB,
suggesting there is no thermal convection in the liquid outer core originating at the ICB, which
agrees with previous results.
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Chapter 6
Resistivity of Solid and Liquid Fe-Ni-Si with Applications to
the Cores of Earth, Mercury and Venus

6

A version of this chapter has been published as:
Berrada, M., Secco, R. A., and Yong, W. (2022). Resistivity of Solid and Liquid Fe-Ni-Si with
Applications to the Cores of Earth, Mercury and Venus. Scientific Reports, 12, 9941.
Additional pictures of the recovered samples are displayed in Appendix C.

6.1

Introduction

The magnetic field of Mercury, Earth, and other terrestrial-type bodies is thought to originate
from an internal dynamo generated by convection in an electrically conductive metallic region of
the planet (Christensen, 2019). A dynamo may be generated when sufficient thermally and/or
chemically convective motion is combined with planetary rotation to provide sufficient kinetic
energy to core fluid (Vázquez et al., 2010). When the heat extracted from the core through the
core-mantle boundary (CMB) exceeds the heat transferred along the core adiabat, the top part of
the core becomes thermally convective. When the heat extracted from the core through the CMB
is less than the adiabatic heat flow, the top part of the core is thermally conductive and thermal
convection is negligible. In this case, compositional convection that arises from the crystallization
of the inner core (IC) becomes the dominant source of convective power The onset of chemical
convection therefore indicates the upper bound for age of IC formation (Ohta & Hirose, 2020).
In the absence of a radiogenic heat source in the core, the onset of a chemically driven dynamo
depends on the release of light elements at the IC boundary (ICB) as the IC solidifies, which is
governed by the light element content.

6.1.1

Earth’s core composition

The composition of the metallic liquid outer core (OC) is relatively well constrained to be
dominantly Fe and Ni with some light elements (e.g., O, C, S, Si and H) (Poirier, 1994; Litasov
& Shatskiy, 2016). The presence of Ni is expected considering the composition of meteorites (510wt% Ni), while the presence of light elements is a suggested solution to the core’s density
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deficit (Birch, 1952; Poirier, 1994; Allègre et al., 1995; Stacey & Anderson, 2001; Anderson &
Isaak, 2002; McDonough, 2003; Litasov & Shatskiy, 2016). Antonangeli et al. (2010) suggest
the Si content of the Earth’s OC is 1.2-4 wt%, while core-mantle interaction models suggest up
to 10.3 wt% Si (Allègre et al., 1995; Javoy, 1995; Wade & Wood, 2005). In contrast, Morrison
et al. (2018) reported that the density of hcp-Fe-11wt%Ni-6wt%Si (Fe0.8Ni0.1Si0.1) agrees with
Earth’s IC density.

6.1.2

Mercury’s core composition

Mercury’s present day magnetic field is approximately 1% of the intensity of Earth’s magnetic
field (Ness et al., 1976). Thermal evolution models suggest the presence of a self-sustained
chemically driven dynamo as a plausible source of Mercury’s present magnetic field (Stevenson
et al., 1983; Schubert et al., 1988; Hauck et al., 2004; Christensen, 2006; Anderson et al., 2011;
Grott et al., 2011; Tosi et al., 2013). The current estimates of Mercury’s internal structure place
the CMB at 1800-2100 K and 5-7 GPa and the ICB at 2200-2500 K and 36 GPa (Breuer et al.,
2007; 2015; Hauck et al., 2013; Knibbe & van Westrenen, 2018). Models considering the
presence of a thermally stratified layer of Fe-S at the top of an Fe-rich core successfully generate
a dynamo of similar intensity to present-day observations (Christensen, 2006; Christensen &
Wicht, 2008; Dumberry & Rivoldini, 2015; Pommier et al., 2019). This layer decreases the
temperature difference across the CMB which favours a sub-adiabatic heat flux on the core side
of the CMB and thus dominant chemical convection in the liquid outer core. The state of this
thermally stratified layer, whether it is liquid (Buono & Walker, 2011; Pommier et al., 2019) or
solid (Smith et al., 2012; Stevenson, 2012), depends on its light element content. Theoretical and
experimental constraints on Mercury’s core composition indicate at least 5 wt%Si (Malavergne
et al., 2010) and up to 25 wt%Si (Chabot et al., 2014), while 10.5wt% Si has been recently
suggested as a more plausible content (Terasaki et al., 2019; Steinbrügge et al., 2021). In fact, a
sub-adiabatic Fe-(7-20wt%)Si core has been shown to stimulate IC solidification and generation
of a dynamo (Knibbe & van Westrenen, 2018).
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6.1.3

Venus’s core composition

Contrary to Earth and Mercury, Venus lacks a present-day magnetic field (Taylor et al., 2018).
This is peculiar considering the similarity with Earth’s size and mass. The limited data on Venus’
interior are consistent with Earth’s bulk composition (Aitta, 2012; Dumoulin et al., 2017; Margot
et al., 2021). The core is thought to be electrically conductive (Konopliv & Yoder, 1996) and,
although relatively weak because of a slow rotation rate, the Coriolis force provides sufficient
kinetic energy to power an internal dynamo (Stevenson, 2003; Olson & Christensen, 2006).
However, convection in the electrically conductive fluid is required to generate dynamo action
(Christensen, 2019). The most probable interpretation of Venus’ lack of dynamo is therefore the
absence of, or insufficient, convection in the core. The primordial structure of an Earth-like planet
refers to a mantle composition similar to the bulk silicate Earth and a metal core that is at least
partially liquid and chemically homogeneous containing 81.2wt% Fe, 7.5wt% Si, 5.1wt% Ni and
other light elements such as O and S (Jacobson et al., 2017). A core of solid Fe-Ni-Si (hcp-Fe5wt%Ni-8wt%Si and hcp-Fe-5wt%Ni-4wt%Si) has recently been shown compatible with the
lack of dynamo if a completely solidified core, rather than an Earth-like core, is considered
(Zhang et al., 2021).

6.1.4

Adiabatic heat flux

The adiabatic heat flux density on the core side of the CMB (qad) is described as follows:
q ad = −k c

αgT
Cp

(6.1)

where kc is the thermal conductivity of the core, α is the thermal expansion coefficient of the core
fluid, g is the gravitational acceleration, T is the temperature at the top of the core, and CP is the
heat capacity at constant pressure (P) of the core fluid. Thermal conductivity of metals and
metallic alloys is predominantly electron-based, while the phonon-based contribution often
account for less than 2% or as much as 40% at 300 K depending on the material (Tong et al.,
2019). For example, the phonon component of thermal conductivity of Fe accounts for ~6.5% of
the total conductivity at 1 atm and 300 K (Williams et al., 1981), while that of Ni accounts for
~15% at the same conditions (Tong et al., 2019). The electronic component of thermal
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conductivity (ke) can be calculated from measurements of electrical resistivity (ρ) via the
Wiedemann-Franz Law (WFL):
ke =

L0 T
𝜌

(6.2)

where L0 is the constant theoretical Sommerfeld value (L0 = 2.44∙10-8 WΩK-2) of the Lorenz
number (L). The value of L is specific to each metal and metallic-alloy and has been shown to be
P- and T-dependent for Fe (Secco, 2017). The Lorenz number can be determined from firstprinciple calculations or from independent measurements of k and ρ using multi-anvil presses or
diamond-anvil cells. The effects of using the Sommerfeld value when calculating ke of ternary
Fe-alloys remains unclear due to the lack of literature on the Lorenz number for such systems. In
this study, we investigate the thermal state of Earth, Mercury and Venus interiors using direct
measurements of ρ of Fe-10wt%Ni-10wt%Si (hereafter referred to as Fe10Ni10Si) and use the
WFL to calculate ke in order to estimate qad. This work is motivated by the scarce information on
relevant ternary systems at the P,T core conditions of terrestrial-type bodies. To our knowledge,
this work consists of the first multi-anvil large volume sample results in the P range up to 25 GPa
in both solid and liquid states for a core-mimetic ternary system.

6.2

Methods

Measurements were carried out on a sample of Fe10Ni10Si at P from 3-20 GPa and at T up to
2200 K including the liquid state. The Fe10Ni10Si sample was initially obtained (99.95% purity,
ChemPur) in powder form and then melted into a wire of 0.51 mm diameter as described by
Berrada et al. (2020). The length of the sample varied according to the cell dimensions (Berrada
et al., 2021). High T was achieved by passing an AC current (I) through a 0.05 mm thick
cylindrical Re foil furnace surrounding the ceramic enclosed sample, while high P was achieved
in a 3000-ton multi-anvil press. A four-wire method, as described by Silber et al. (2018), was
used to pass a test current through the sample in order to obtain the voltage drop across the sample
(V). A polarity switch reversed the current in order to expose any parasitic potentials that could
be removed. Using the same four wires in an alternate mode, T at each end of the wire-shaped
sample was also measured. A Keysight B2961 power supply provided a constant test DC of 0.2
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A and a Keysight 34470A data acquisition meter operating at 20 Hz and 1 µV resolution recorded
voltage. The four wires consisted of two type-C (95%W5%Re-74%W26%Re) thermocouples
(TC). Contact between each end of the sample and a TC was ensured through W-discs placed
between the sample and wires. The contribution of the W-discs in the voltage drop between two
opposite electrodes was later subtracted using available high P and T measurements of ρ (Littleton
et al., 2019). A combination of Ohm’s and Pouillet’s laws was used to calculate ρ:
𝜌=

V A
∙
I l

(6.3)

where 𝐴 is the cross-sectional area and 𝑙 the length of the sample. The uncertainties in T (± 5 K
at low T, ± 25 K at high T), V, 𝐴 and 𝑙 measurements correspond to the respective standard
deviations of at least 10 measurements for each data point obtained. The uncertainty on the
measured geometry and averaged voltage drop at a particular T were used to evaluate the errors
on ρ and ke. Once the target T was reached, T was quenched and the recovered sample was
polished to its central cross-section in order to recover the sample geometry. The chemical
composition of the sample was then analyzed with a JEOL JXA-8530F field-emission electron
microprobe operating with a 50 nA probe current, a 20 kV accelerating voltage, and a 10 µm
spot-size beam. Electron microprobe analysis of the starting material in wire shape indicates a
homogenous sample composed of 80.48wt%Fe with 9.94wt%Ni and 9.59wt%Si. The continuity
of the starting material in wire shape was confirmed with computed tomography (CT) scans with
50µm resolution. XRD analysis performed on powder obtained from the Fe10Ni10Si wire
confirmed a homogenous bcc structure of the starting sample.

6.3

Results

Analysis of the diffusion of the W-discs into the sample at 9 GPa suggests contamination begins
in the partial melting zone, and only becomes significant well into the liquid state as shown in
Figure 6-1. Since the focus of this study is on the ρ values near the liquidus T (Tliquidus),
contamination of the sample well above Tliquidus is not a concern.
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Figure 6-1: (Top) Composition of various samples from different experiments quenched
from 9 GPa as a function of T relative to Tsolidus. The Tliquidus value of 1845 K at 9 GPa is
displayed for reference. The left-hand side y-axis shows the abundance of all elements in
wt%, while the right-hand side y-axis shows the abundance of W only in at%. (Bottom)
Backscattered images from electron microprobe analysis on samples of Fe10Ni10Si
quenched from 9 GPa and (a) 1623 K, (b) 1773 K, (c) 1867 K, and (d) 2045 K. The W content
in each sample is illustrated using a color contour map.

The T dependence of ρ of Fe10Ni10Si is plotted in Figure 6-2a. Electrical resistivity overall
increases with T and decreases with P, in agreement with the recent measurements (Zhang et al.,
2021) and with expectation for metallic behavior (Christensen, 2019). The peak observed near
1200 K, which decreases in amplitude with increasing P, is attributed to a possible order-disorder
transition, similar to that observed in Fe8.5Si and as discussed previously (Berrada et al., 2021).
Alternatively, this peak could indicate a phase transition in Fe10Ni10Si similar to the transition
from bcc-fcc Fe at a similar temperature below 13 GPa although the P-dependence of the
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transition T is opposite to that for pure Fe. Our main results of this study do not hinge on the
present qualitative interpretation of this phase since our focus is on the liquid state and the region
just prior to melting. The inset of Figure 6-2a shows consistency between ρ results at 1890 K in
the partial melting and liquid state of this study and in the solid state of Zhang et al. (2021),
suggesting that the effect of P on the isothermal ρ is diminished at higher pressures. This suggests
there is little change in the magnitude of ρ on melting. This is supported by our detailed
measurements and by the similar slopes of high T data from this study and that shown by the
black line representing solid state hcp-Fe5Ni8Si (Zhang et al., 2021) in Figures 6-2a and 2b. The
beginning of the partial melting zone (e.g., 1573 K for the 3 GPa data) is defined by a slight
positive change in slope near the expected melting T (Zhang et al., 2018). The P-dependence of
the change in ρ with T (δρ/δT) while in the partial melting region and in the liquid state seems to
be negligible above 12 GPa when compared with Zhang et al. (2021) datum at 140 GPa as shown
in the inset plot of Figure 6-2b. At all pressures, the solidus is defined by a reversal in slope
following the decreasing limb of the maximum where ρ begins to increase with T. For the
liquidus, where the indication at some pressures is a slight flattening of the slope of ρ with T
followed by a subtle increase, the melting boundary of Fe8Ni10Si (Zhang et al., 2018) was used
as a guide.

Figure 6-2: Electrical resistivity of Fe10Ni10Si from 3-20 GPa as a function of T. The error
bar in ρ is 4.4 µΩcm at low T and 8.5 µΩcm at high T. Results are compared to Fe8.5Si at
20 GPa (Berrada et al., 2021) Fe5Ni8Si at 140 GPa (Zhang et al., 2021). Grey bands are
shown as representative errors bars. The inset plot shows ρ from this study and Zhang et
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al. (2021) at 1890 K as a function of P fit to an arbitrary exponential function (y =173.37x0.092). (b) Electrical resistivity in the liquid state, including the partial melting region in runs
where liquid measurements are scarce. The star symbols represent Tsolidus and the triangles
represent Tliquidus in each data set. The inset plot shows the ρ slope in the liquid as a function
of P.

Figure 6-3a shows the melting relations of Fe10Ni10Si. Komabayashi et al. (2014) suggested that
the melting boundary of Fe-Ni-Si alloys cannot be simply explained by the combination of FeNi and Fe-Si systems. In fact, the effect of Ni on the properties of Fe alloys is expected to be
small in comparison to those of light elements since Ni and Fe have similar atomic numbers
(Poirier, 1994; Torchio et al., 2020, Lenhart and Secco, 2022). Torchio et al. (2020) showed that
up to 36 wt% Ni in Fe does not affect the melting curve of Fe up to 100 GPa. The similarity
between the measured melting boundary of Fe8.5Si (Berrada et al., 2021) and Fe10Ni10Si can
thus be explained by the negligible influence of Ni. The negligible effect of Ni can also be
observed in the similarity between the melting boundaries of Fe9Si (Fischer et al., 2013) and
Fe8Ni10Si (Zhang et al., 2018) extrapolated to 1 atm from their lowest P measurement at 20 GPa
and ~33 GPa, respectively.

Figure 6-3: (a) T- and P- dependence of Fe10Ni10Si compared to the calculated phase
diagram of Fe (Bundy, 1965; Komabayashi et al., 2014). Comparisons are made with
Fe8.5Si (Berrada et al., 2020, 2021), Fe9Si (Fischer et al., 2013) and Fe8Ni10Si (Zhang et
al., 2018). The empty symbols represent T at the start of partial melting, Tsolidus, while filled
symbols are T at the end of partial melting, Tliquidus. The temperature at the maximum ρ
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observed near 1200 K from 3-7 GPa are illustrated by the half-filled symbols. (b) Electrical
resistivity of Fe10Ni10Si near melting for various P. Results are compared with Fe (Silber
et al., 2018; Yong et al., 2019) and Fe8.5Si (Berrada et al., 2020, 2021).

Electrical resistivity is interpreted using the mean free path of conduction electrons, which
depends on their scattering rate. Scattering can be caused by (i) electron-phonon interactions
(scattering by lattice vibrations), (ii) electron-magnon interactions (spin-disorder scattering), (iii)
electron-electron interactions which can include s-d transitions in Fe, and (iv) electron-impurities
interactions. At high T, scattering mechanisms (i), (ii), and (iii) become increasingly important,
whereas (iv) is expected to remain independent of T as described by Matthiessen’s rule
(Matthiessen & Vogt, 1864). Deviations from Matthiessen’s rule for Fe alloys are primarily
attributed to the underestimation of the spin-disorder contribution to ρ (Glasbrenner et al., 2014).
Deviations may also be caused by anisotropies of the Fermi surface (Fischer, 1967), anisotropies
in electron-phonon scattering (Schwerer et al., 1969), the existence of two conductivity bands (s
and d bands) each having a different contribution to conductivity, or changes in the T-dependence
of ρ (i.e., ρ saturation) (Alldredge et al., 1975). Berrada et al. (2020) suggested that the Tdependence of mechanism (iv) in Fe-Si alloys represents a deviation from Matthiessen’s rule. In
contrast to T, P decreases the scattering rate as it suppresses the amplitude of vibration of atoms.
Based on a cancellation of the P and T effects at the melting T, Stacey and Loper (2007) proposed
that metals with a filled d-band (i.e., Cu, Zn, Ag and Au) would exhibit a constant ρ along the
melting boundary. Yong et al. (2019) investigated this hypothesis with Fe and, although Fe has
an unfilled d-band, observed a constant ρ behaviour from 6-24 GPa. Similar behaviour is
observed in Fe8.5Si (Berrada et al., 2020, 2021) and in Fe10Ni10Si as shown in Figure 6-3b. The
constant ρ of Fe10Ni10Si is 133 µΩcm and 138 µΩcm at Tsolidus and Tliquidus, respectively. These
values are higher than the reported constant value of Fe8.5Si of 127 µΩcm, and that of Fe of 112
µΩcm and 120 µΩcm, on the solid and liquid sides of the melting boundary, respectively. The
constant behaviour along the melting boundary may be attributed to insignificant changes in
Fermi surface and mean free path upon melting (Silber et al., 2018).
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Figure 6-4: (a) Thermal conductivity of Fe10Ni10Si as a function of T. Results are compared
with Fe at 7 GPa (Silber et al., 2018), solid Fe11.9Ni13.4Si at 140 GPa (Ohta et al., 2016),
solid Fe11.7Ni10Si at 330 GPa (Zidane et al., 2020), and solid Fe9Si at 136-183 GPa (Zhang
et al., 2022). Equation (6.4) is used to calculate ke of solid Fe10Ni10Si, as shown by the black
triangles, at the P,T conditions of Zidane et al. (2020) and Zhang et al. (2022), shown with
black and blue stars respectively. Equation (6.5) is used to calculate ke of liquid Fe10Ni10Si,
as shown by the red squares. The * denotes calculations. (b) Thermal conductivity of
Fe10Ni10Si compared to Fe8.5Si at common P from 3 to 20 GPa (Berrada et al., 2021).

The calculated ke, shown in Figure 6-4a, increases almost linearly with T which is different than
the behaviour of pure Fe in the low temperature region but similar to the high temperature region
(Silber et al., 2018). A multi-variable linear regression analysis of the ρ values in the solid state
from this study provides the following model of solid ke (T, P):
GPa
k e 3−20
= −0.20 𝑊m−1 K −1 + 0.017 𝑊m−1 K −2 ∗ 𝑇 + 0.19 𝑊m−1 K −1 GPa−1 ∗ P
𝑠𝑜𝑙𝑖𝑑

(6.4)

This relation is used to extrapolate the solid measurements to the P,T conditions of the Ohta et
al. (2016), Zidane et al. (2020) and Zhang et al. (2022) solid state data, as shown in Figure 6-4a.
The extrapolated solid Fe10Ni10Si ke are in agreement with the reported solid calculations for
the nearly similar composition of Fe9Si (Zhang et al., 2022) and Fe11.9Ni13.4Si (Ohta et al.,
2016) but result in a higher value than that reported for Fe11.7Ni10Si (Zidane et al., 2020)
although the compositions are similar. In addition, a multi-variable linear regression analysis of
the ρ values in the partial melting and liquid states, see equation (6.5), from this study suggest a
negligible difference between solid and liquid values at high P,T.
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GPa
k e 3−20
= 9.3 𝑊m−1 K −1 + 0.011 𝑊m−1 K −2 ∗ 𝑇 + 0.29 𝑊m−1 K −1 GPa−1 ∗ P
𝑙𝑖𝑞𝑢𝑖𝑑

(6.5)

Equations (6.4) and (6.5) are not founded in any elementary physical theory, they are simply
linear fits of our measurements. Figure 6-4b illustrates the similarity in the calculated ke of
Fe10Ni10Si and Fe8.5Si, apart from the deviations at high T observed at 9 GPa. The similarities
in Fe10Ni10Si and Fe8.5Si observed in the melting T and ke suggest the addition of 10wt% Ni to
Fe8.5Si has negligible effects on the properties of Fe8.5Si (Berrada et al., 2021). The similarity
in the extrapolated solid and liquid Fe10Ni10Si ke with the calculated Fe9Si (Zhang et al., 2022)
as shown in Figure 6-4a indicates the negligible effect of Ni. In contrast, the disagreement with
the Fe11.7Ni10Si datum at 330 GPa (Zidane et al., 2020) indicates a steady P-dependence from
3-183 GPa, followed by an attenuated P-dependence up to 360 GPa. Finally, the slight variations
in ke of Fe10Ni10Si with T coincide with those observed in ρ, the T dependence of ke seems to
weaken at high T.

6.3.1

Earth

Earth’s CMB (4000 K, 136 GPa) and ICB (5000 K, 330 GPa) conditions are difficult to reach
through laboratory settings. Previous thermodynamic models and experimental studies
considering a pure Fe core have suggested a kc of 30-40 Wm-1K-1, which indicates an adiabatic
heat flow of 4-6 TW on the core side of CMB as given by equation (6.6) (Stacey & Loper, 2007;
Konôpková et al., 2016).
γg CMB T
𝑐𝑜𝑟𝑒 𝑠𝑖𝑑𝑒 𝐶𝑀𝐵
)
𝑄𝑎𝑑
= 4πrc 2 k c (
ϕ
CMB

(6.6)

where rc is core radius (3480 km) (Dziewonski & Anderson, 1981), gCMB is gravitational
attraction at CMB (10.68 m/s2) (Dziewonski & Anderson, 1981), γ is Grüneisen’s parameter (1.5)
(Hirose et al., 2013), and ϕ is seismic parameter (65.05 km2/s2) (Dziewonski & Anderson, 1981).
Zhang et al. (2021) estimated an adiabatic heat flow of 8 TW for an Fe5Ni8Si outer core from ρ
measurements using the diamond-anvil cell. On the other hand, shock compression experiments
on the melting boundary of Fe12Ni12.7Si, which has a greater Si content than Fe5Ni8Si, suggest
a higher adiabatic heat flow of 13-19 TW (Zhang et al., 2018). Using equations (6.4) and (6.5),
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we calculate ke of ~94 Wm-1K-1 for both solid and liquid states at 4000 K and 136 GPa. Using
equation (6.6) with the previous parameters, the adiabatic heat flow at the top of Earth’s core just
below the CMB is estimated to be 14 TW for an Fe10Ni10Si outer core which is similar to that
of Fe12Ni12.7Si (Zhang et al., 2018). The possibility of additional light elements in the core is
expected to result in a lower thermal conductivity than that reported in this study, and thus a
lower adiabatic heat flow at the top of the core. The present-day heat flow across the CMB is not
well defined and reported estimates vary considerably : 8 TW (Anderson, 2002), 5-15 TW (Lay
et al., 2008), ~15 TW (Driscoll and Bercovici, 2014), ~5 TW (Nakagawa and Tackley, 2015),
~12 TW (Patočka et al., 2022). Based on such a wide range of values, a reasonable conclusion
on Earth’s active source of dynamo action may not yet seem possible. However, when compared
to a very recent study where a multi-disciplinary and self-consistent approach was used to
estimate a heat flow across the CMB of 15 TW (Frost et al., 2022), the lower adiabatic heat flow
value of 14 TW at the top of the core suggest that thermal convection may still be an active source
of energy to power the geodynamo. Furthermore, accounting for the possible presence of oxygen
in the liquid outer core would slightly lower our predicted ke, which would be compatible with
constraints on ke (ke < 100 Wm-1K-1) supporting the presence of thermal convection to power the
geodynamo (Driscoll and Bercovici 2014; Landeau et al. 2022).

6.3.2

Mercury

The calculated qad for Mercury using α of 8.9·10-5 K-1 (Secco, 2017), g of 4.0 m/s2 (Rivoldini &
Van Hoolst, 2013), Cp of 835 JKg-1K-1 (Desai, 1986), and liquid ke5-7 GPa of 29.6-35.9 Wm-1K-1
from this study corresponds to a heat flux density of 22.7-32.1 mW/m2 via equation (6.1). This
estimate of qad intersects models of the heat flux through the CMB (qCMB) between 0.02-0.21 Gyr
after formation as shown in Figure 6-5, depending on the thermal evolution model selected.

137

Figure 6-5: (a) The adiabatic heat flux density at the top of Mercury’s core compared to
values calculated from other studies in the literature ( aBerrada et al., 2020; bSilber et al.,
2019; cEzenwa & Secco, 2019; dSilber et al., 2018; eDeng et al., 2013; fKnibbe & van
Westrenen, 2018; gPommier et al., 2019; hStevenson et al., 1983; iSchubert et al., 1988;
jChristensen, 2006; kTosi et al., 2013; l Berrada et al., 2021; mHauck et al., 2004). The
compositions are in wt%. The results from this study are in red and extended to the blue
shaded area. The * denotes theoretical studies. (b) Thermal evolution models of the heat
flow through Mercury’s core-mantle boundary as a function of time since planet formation
at 0 Gyr (Ogawa, 2016; Knibbe & van Westrenen, 2017; Knibbe & Van Hoolst, 2021). The
intersection of the results from this study with the range of thermal evolution models is
marked by the dotted rectangle and expanded in the inset plot. The remanent magnetization
suggests the latest time interval during which a dynamo was active is represented by the
orange shaded area (Hood, 2015; Johnson et al., 2015; Hood, 2016; Peterson et al., 2021;
Tikoo & Evans, 2022).

Although thermal evolution models of Fe10Ni10Si are not available in the literature, it is
reasonable to assume, based on the similarities with Fe8.5Si observed in this study, that such a
model would intersect the calculated qad between that of Fe and Fe17Si (Knibbe & van
Westrenen, 2017). Within the precision of the models, this tight constraint suggests the transition
from super- to sub-adiabatic heat flow through the CMB took place prior to 0.21 Gyr after
formation. The thermal evolution model of Knibbe and Van Hoolst (2021), which considers a
thermally stratified layer above an adiabatic core, implies a sub-adiabatic core as early as 0.02
Gyr after formation as it intersects the calculated qad from this study. As qCMB becomes lower
than qad, at least the top of the core becomes sub-adiabatic and stimulates the nucleation of an IC.
Indeed, a sub-adiabatic heat flow at the top of the core is not necessarily representative of that
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throughout the core as the increased P and latent heat with depth suggest a super-adiabatic deep
core (Knibbe & van Westrenen, 2018). This time period is in agreement with several thermal
evolution models of the core that suggest the formation of an IC, and sub-adiabatic profile,
occurred within the first 0.10 Gyr (Hauck et al., 2004; Grott et al., 2011; Tosi et al., 2013).
Similarly, remanent magnetization observed in volcanic plains on the surface of Mercury imply
an active dynamo at the time the volcanic plains formed (~ 3.7-3.9 Gyr ago) or earlier (Hood,
2015; Johnson et al., 2015; Hood, 2016; Peterson et al., 2021; Tikoo & Evans, 2022), which is
consistent with our findings.

6.3.3

Venus

It has been suggested that the lack of tectonic activity on Venus produces an insulating effect that
causes a high mantle T and therefore reduces the heat flux out of the core, resulting in the low
probability of dynamo action (Nimmo, 2002; Stevenson, 2003; Driscoll & Bercovici, 2014).
O'Rourke et al. (2018) proposed that the lack of dynamo in Venus, assuming an Earth-like core
structure, can only be explained if the core is cooling too slowly to convect, which corresponds
to kc of 100 Wm−1K−1 or more. An Earth-like structure refers to a solid metallic inner core and a
silicate outer core that is at least partially liquid. Nonetheless, lower kc values in the range of
∼40–50 Wm−1K−1 favour scenarios where the lack of dynamo is due to a core that has completely
solidified or preserved its primordial compositional stratification as it was unable to grow fast
enough (Driscoll & Bercovici, 2014; Jacobson et al., 2017; O'Rourke et al., 2018). In this
scenario, the mixing in the core was insufficient to generate a dynamo. Zhang et al. (2021)
proposed an Fe-Ni-Si (hcp-Fe5Ni8Si and hcp-Fe5Ni4Si) core conductivity of ∼52-73 Wm−1K−1,
which promotes a sub-adiabatic core and agrees with a solid or completely stratified core scenario
(O'Rourke et al., 2018). Using equations (6.4) and (6.5), we calculate solid and liquid ke of 140
Wm−1K−1 and 148 Wm−1K−1, respectively, at 275 GPa and 5160 K (Aitta, 2012). If the Pdependence of ρ is indeed attenuated above 183 GPa, these ke values are overestimated although
the expected values remain above 100 Wm−1K−1. Contrary to Zhang et al. (2021), these results
suggest that Venus may have a solid inner and liquid outer core (Driscoll & Bercovici, 2014;
O'Rourke et al., 2018). In this case, the heat flow across the CMB does not exceed the adiabatic
heat flow and thermal convection cannot take place, while suggesting that compositional
convection is not enough to power Venus’ dynamo (O'Rourke et al., 2018). The future NASA
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mission VERITAS is expected to provide further constraints on the interior structure of Venus
(Cascioli et al., 2021).

6.4

Discussion

The measured ρ of solid and liquid Fe10Ni10Si from 3-20 GPa shows a general increase with T
and decrease with P. At melting, ρ remains invariant within error bars, similar to the behaviour
of Fe8.5Si (Berrada et al., 2021) and Fe (Yong et al., 2019), suggesting an invariant Fermi surface
and mean free path upon melting. Further measurements are necessary to determine the extension
of this behaviour at higher P,T conditions. A linear multi-variable regression analysis is done
with the calculated ke and the resulting relation is used to calculate the adiabatic heat flow on the
core side of Earth’s CMB. A core of Fe10Ni10Si would provide a heat flow of 14 TW at the top
of Earth’s core. Thermal convection may still be an active source of energy for the geodynamo
today if high values of estimates of heat flow through the CMB are used. In addition, ke values
between 5-7 GPa are used to calculate Mercury’s qad. When compared to qCMB (Ogawa, 2016;
Knibbe & van Westrenen, 2017; Knibbe & Van Hoolst, 2021), the calculated value for qad
suggests a sub-adiabatic uppermost core, and thus a magnetic field primarily powered by
chemical convection, between 0.02-0.21 Gyr after formation. Finally, ke at Venus’ interior
conditions is estimated and is found to be in agreement with scenarios of an Earth-like core
structure, suggesting a solid inner core and at least partially liquid outer core. The conclusions
are obtained assuming 10wt% Ni and 10wt% Si in the cores of these planets, although the exact
concentration of each light element remains uncertain. When compared to the literature, our
results show that the Fe-8.5wt%Si system and Fe-10wt%Ni-10wt%Si system have similar
properties, suggesting that Ni could be present in a core system but not clearly observed.
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7

Conclusion

The conclusions of the previous chapters are combined below.

7.1 Electrical resistivity of metals and alloys
Measurements of electrical resistivity (ρ) of Au, Fe-xSi (where x is 2, 8.5 and 17wt%) and Fe10wt%Ni-10wt%Si show an overall increase with temperature and decrease with pressure as
expected. The more marked ρ variations with increasing temperature coincide with solid-solid
and solid-liquid phase transitions. Variations in Fe-8.5wt%Si observed at low temperatures
between 6-8 GPa indicate a new solid-solid phase transition that does not appear in the literature.
The ρ behavior of Fe-xSi converges towards a constant value at high temperatures, towards the
liquid state. The impurity contribution of Si to the ρ of Fe-xSi alloys does not remain constant
with temperature, in contradiction with Matthiessen’s rule (Matthiessen and Vogt, 1864). This
implies that the impurity scattering is temperature-dependent and is not simply additive to the
other scattering mechanisms. In addition, the pressure dependence of Fe-xSi decreases at high
temperatures, indicating a negligible effect of Si at high temperatures.

7.2 Behavior along the melting boundary
The ρ of Au decreases from 2-5 GPa along the melting boundary, while that of Fe-8.5wt%Si
decreases up to 10 GPa. However, the ρ of Fe-8.5wt%Si remains invariant from 10-24 GPa. Upon
melting of Au, pressure increases the Fermi energy which increases the number of electrons in
the conduction band and leading to a decrease in ρ. On the contrary, temperature increases phonon
scattering which governs the increase in ρ. A constant ρ at melting, which occurs at higher
temperatures for higher pressures, suggest the ρ increase due to temperature is offset by the ρ
decrease due to pressure. These competing effects are challenging to explain in terms of s- and
d-electron scattering for Fe-8.5wt%Si as it is not a pure metal, and the electronic structure is not
known. In the case of pure Fe, ρ decreases from 3-5 GPa along the melting boundary, then
remains invariant from 6-24 GPa, which coincides with the Fe δ-γ-liquid triple point pressure at
5.2 GPa (Silber et al., 2018; Yong et al., 2019). The structure and properties of the liquid, in the
short and medium range order near the melting boundary, are directly influenced by the solid
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phase prior to melting (Secco and Schloessin, 1989; Terasaki et al., 2002). Thus, the ρ behavior
along the melting boundary prior to and post 5.2 GPa is governed by the structure and properties
of the δ(bcc) and γ(fcc) phases respectively. The invariant behavior in Fe ρ above 5.2 GPa can be
explained by (i) a lack of ρ increase along the melting boundary possibly due to the similarities
in the solid and liquid structures (Silber et al., 2018), and (ii) a lack of ρ decrease possibly due to
the independence of the electron mean free path (Silber et al., 2017). Besides the overall higher
ρ, the addition of 8.5wt%Si seems to delay the constant behavior observed in pure Fe to 10 GPa.
In contrast to pure Fe, the phase diagram of Fe-8.5wt%Si indicates the same last solid phase prior
to melting (fcc) before and after 10 GPa (Fischer et al., 2013). However, this phase diagram is
based on measurements above 20 GPa and different solid structures near 10 GPa remain a
possibility. The invariant behavior in ρ of Fe-8.5wt%Si from 10 GPa can be explained by the
possible (i) similarity in the solid and liquid structures of Fe-8.5wt%Si from 10 GPa and (ii)
independence of the electron mean free path only from 10 GPa. Measurements of Fe-10wt%Ni10wt%Si indicate a decreasing ρ along the melting boundary up to 7 GPa, after which ρ seems to
remain constant up to 20 GPa. Similar to 8.5wt%Si, the addition of 10wt%Ni and 10wt%Si to
pure Fe affects the onset of the invariant behavior along the melting boundary. Both Fe-8.5wt%Si
and Fe-10wt%Ni-10wt%Si contain approximately 17at%Si, suggesting the variations between
these two alloys along the melting boundary are solely caused by the presence and consequent
interactions of the Ni atoms. Thus, it is reasonable to assume the presence of Ni attenuates the
effect of Si on the difference between the solid and liquid structures, or independence of the
electron mean free path, resulting in the early start of the invariant behavior.

7.3 Resistivity behavior in the liquid state
Resistivity measurements of Au show a significant increase in ρ upon melting. The high liquid ρ
is attributed to the additional electron-ion scattering present in the liquid state. Resistivity
measurements of Fe-xSi suggest the increasing addition of Si is responsible for the decreasing ρ
jump upon melting, such that ρ of Fe-17wt%Si decreases upon melting. In Fe-17wt%Si, it is
possible that the electron-ion scattering and electron-impurity scattering in the liquid, both acting
to increase ρ, are hidden by the effect of pressure, which increases the electron mean free path
and decreases ρ. The effect of pressure on the liquid behavior of Fe-8.5wt%Si is unclear as ρ

150

decreases upon melting at pressures above 18 GPa but remains overall higher in the liquid
compared to the solid state. Above 18 GPa, the decrease in ρ upon melting can possibly be caused
by the increased electron mean free path, which decreases ρ and overrides the increased ρ caused
by impurity scattering.
The increase in ρ of Fe-10wt%Ni-10wt%Si upon melting is similar to that of Fe-8.5wt%Si,
indicating the negligible effect of Ni on the structure changes occurring upon melting. The
similarity is confirmed with the nearly overlapping melting boundaries of Fe-8.5wt%Si and Fe10wt%Ni-10wt%Si. Extrapolating the liquid ke up to 183 GPa shows an agreement with Fe9wt%Si as estimated from diamond-anvil cell (DAC) measurements (Zhang et al., 2022).
Although the effect of 10wt%Ni hastens the onset of the invariant ρ behavior along the melting
boundary, by possibly attenuating the effect of Si on the structure changes upon melting, the
similarities mentioned above motivate the interpretation that 10wt%Ni does not significantly
affect the thermal properties of Fe-8.5wt%Si. After the solidus, ρ of Fe-10wt%Ni-10wt%Si
linearly increases with temperature while the corresponding slope increases with pressure from
3-12 GPa then becomes nearly constant up to 140 GPa when compared with measurements of
Fe-5wt%Ni-8wt%Si (Zhang et al., 2021). The linear increase in ρ of Fe-10wt%Ni-10wt%Si with
temperature while in the liquid is different from the decreasing behavior observed in Fe-8.5wt%Si
above 18 GPa. Contrary to Fe-8.5wt%Si, it is possible that the electron mean free path in Fe10wt%Ni-10wt%Si is hidden by the impurity scattering above 18 GPa. This agrees with the
previous interpretation that the effect of pressure on the resistivity of Fe-10wt%Ni-10wt%Si is
attenuated above 12 GPa.

7.4 Applications to terrestrial-type bodies
The measurements of ρ are converted to the electronic component of thermal conductivity (ke)
via the Wiedemann-Franz law (WFL). In Au, ke decreases with temperature up to melting and
remains invariant at liquid temperatures due to the offset of increasing T and increasing ρ in the
WFL. Overall, pressure increases ke, although the small deviations from this trend are due to the
sensitivity of the sample geometry measurements. The decrease in ke up to the Curie temperature
(Tc) observed in Fe is attenuated with the addition of impurities, such that ke increases almost
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linearly up to Tc for Fe-8.5wt%Si, Fe-17wt%Si and Fe-10wt%Ni-10wt%Si. Beyond this
temperature, ke of Fe-xSi and Fe-10wt%Ni-10wt%Si increase linearly up to liquid temperatures.
The trends of Fe-8.5wt%Si and Fe-10wt%Ni-10wt%Si remain similar at liquid temperatures,
suggesting the addition of 10wt%Ni does not significantly affect ke of Fe-8.5wt%Si.

The calculated ke is used to estimate the adiabatic heat flux at the top of the lunar and Mercurian
cores, which is compared to thermal evolution models of the heat flux through their core-mantle
boundary. Assuming a lunar core containing 2-17wt%Si, the results suggest the top of the core
became sub-adiabatic 3.32 - 3.80 Gyr ago, or 0.7-1.18 Gyr after formation. After this transition,
compositional convection resulting from solid inner core growth, rather than thermal convection,
became the main fluid stirring mechanism to power the lunar dynamo. Similarly, the results
suggest the onset of Mercury’s inner core formation took place 0.08-0.22 Gyr after formation in
the case of an Fe-8.5wt%Si core, or 0.02-0.21 Gyr after formation in the case of an Fe-10wt%Ni10wt%Si core. A linear multivariable analysis of ke suggests the adiabatic heat flow at the top of
Earth’s core is 14 TW, suggesting thermal convection may still be an active source to power the
geodynamo. The resulting ke at Venus’ center agrees with scenarios of an Earth-like core
consisting of a solid inner core and at least partially liquid outer core. Although the similarity in
Fe-8.5wt%Si and Fe-10wt%Ni-10wt%Si suggest the effect of Ni is negligible, the effects of other
core relevant light elements (i.e., O, H, C, and S) on the ρ of Fe-Si and Fe-Ni-Si alloys are not
well defined.

7.5 Future work
7.5.1

Experimental improvements to avoid contamination of sample

Future experiments should attempt measurements of liquid ρ free of contamination through
experimental innovations. Although the W contamination begins after the solidus temperature is
reached, the W-discs used in this work begin to contaminate the sample which affects the ρ
measurements. Ezenwa and Yoshino (2020) avoided contamination using electrodes of the same
material as the Fe sample. In this case, the concern becomes constraining the sample geometry
while in the liquid state. Measurements using the Van der Pauw method do not require to
constrain the sample geometries and represent a possible solution to the challenge encountered
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by Ezenwa and Yoshino (2020), although it is not yet clear whether the Van der Pauw method
can be used to advantage in the large volume press as it has been used in the diamond anvil cell
(Yin et al., 2022). Sample containment on the liquid state is a primary obstacle of this method.
Nonetheless, the method proposed by Ezenwa and Yoshino (2020) remains challenging for
studying Fe-alloys. Samples of Fe-alloys typically become brittle when light elements are added,
making them difficult to use as electrodes. The challenge may be reduced if the alloys are formed
into flat electrodes to be used with the Van der Pauw method.

7.5.2

Broaden sample composition to ternary and quaternary alloys

With a significant number of studies over the past decade on binary alloys, including this work,
it is now time to explore multi-element systems. Further electrical resistivity measurements of
the more complex ternary and quaternary Fe-alloys at relevant pressures and temperatures are
necessary to understand the thermal properties of the likely compositions of the cores of
terrestrial-type bodies. Constraining ρ at Earth’s core conditions could be achieved by confirming
the invariant behavior along the melting boundary via understanding the scattering mechanisms
responsible for ρ or reaching higher pressures and temperatures via sintered diamond, or cubic
boron nitride anvils in multi-anvil presses and laboratories that specialize in diamond anvil cell
experiments. Such experiments should be conducted on Fe-Ni-Si-S alloys, and eventually include
C, O and H, considering that these light elements are expected in Earth’s core (Poirier, 1994;
Litasov and Shatskiy, 2016). The similarity between the bulk silicate Earth and the bulk Moon
suggest the presence of C, up to 4.8wt%, in the lunar core (Kuwabara et al., 2016; Steenstra et
al., 2017). In addition to the expected Si content in the lunar core (see Chapter 4) seismic
investigations propose up to 6wt%S in the lunar core (Weber et al., 2011), while lunar samples
and sound velocity experiments indicate 5-10wt%Ni in the lunar core (Nagata et al., 1972;
Terasaki et al., 2019). Therefore, the high magnetic field era on the Moon could be better
constrained by combining thermal evolution modelling with direct ρ measurements of Fe-Ni-SiS-C alloys. Considering the presence of an Fe-S layer at the top of Mercury’s core (Chen et al.,
2008; Breuer et al., 2015), in addition to the expected presence of Si and Ni discussed in Chapter
5, direct ρ measurements of Fe-Ni-Si-S alloys would improve the understanding of Mercury’s
interior heat flow. From the recent seismic results from Insight Lander on Mars (Stahler et al.,
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2021), the light element concentration of the Martian core appears to be larger than previously
thought and new studies on ternary and quaternary alloys in the Fe-Si-S-O-H system are needed.

7.5.3

Further study of Lorenz number for various alloys

Electrical resistivity is used to calculate ke typically using the Sommerfeld value of the Lorenz
number, a parameter not well defined at high pressures and temperatures for Fe or Fe-alloys.
Theoretical studies have calculated both ρ and ke in order to derive the Lorenz number and its Pand T-dependences. These studies must be expanded to multi-element alloys of Fe in order to
provide better support for the conversion of experimentally measured ρ to ke values which then
lead to conductive heat flow values. In addition, but much more challenging, experiments to
measure directly thermal conductivity (k) of solid and liquid Fe alloys are needed. These provide
a direct route to calculate conductive heat flow and also serve to check the theoretically derived
ke and Lorenz values.

7.5.4

Further study of the effect of Ni and Si on resistivity of Fe

Understanding the effect of Ni and Si on the ρ of Fe requires a significant amount of
measurements at several temperatures and pressures. First, the similarity in ρ and ke
measurements of Fe-8.5wt%Si and Fe-10wt%Ni-10wt%Si could be investigated in more depth
through in-situ X-ray diffraction experiments from 5 to 24 GPa right before melting. At these
pressures, it appears that the difference in the respective ρ of the alloys is related to the difference
in their atomic structures. Insight on the lattice parameters of each alloy prior to melting at
pressures before and after the behavioral change in ρ, would contribute to the understanding of
the invariant behavior and possibly identifying the effect of Ni. Eventually, the structural changes
contributing to the invariant behavior of ρ along the melting boundary, and to the overall higher
ρ of Fe-10wt%Ni-10wt%Si, should be incorporated into models of ρ at extreme pressure and
temperature conditions. Second, ρ measurements of Fe-8.5wt%Si and Fe-10wt%Ni-10wt%Si at
pressures up to 36 GPa can be used to compare with diamond-anvil cell experiments on Fe (Ohta
et al., 2016) and to draw detailed conclusions on the heat flow through Mercury’s inner core
boundary (2200-2500 K, 36 GPa).
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7.5.5

Application to exoplanets

Much space exploration focuses on finding habitable planets located outside our solar system.
The possible candidates of habitable exoplanets are typically terrestrial-type bodies similar in
size or slightly larger in mass than Earth. Studies of those systems are currently in the early stages
of characterizing the equation of state and other structure-related characteristics of Fe (Smith et
al., 2018) and Fe alloys (Wicks et al., 2018). These studies will then turn to interior modelling of
heat flow and core dynamics to understand dynamos in super-Earths, which will require
knowledge of ρ and k behavior over much greater P, T space which should be the focus of future
work.
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Appendix A Quick Resistivity Analysis application
A version of this chapter is in review at the Journal of Open Research Software.

Berrada, M., Secco, R. A., and Yong, W. (2022). Rho - A quick electrical resistivity analysis
application. Journal of Open Research Software. In review.

A.1 Abstract
Electrical resistivity measurements of metals often use the four-wire method, where data
acquisition alternates between temperature and voltage. The temperature and voltage values are
similar and manual selection of each set of measurements is time consuming. Rho is intended to
make electrical resistivity data analysis faster and more reliable by automatically selecting the
temperature and voltage measurements using signal processing. The time required to process 52
data points (which consists of approximately 6000 measurements) using Rho is less than one
minute compared to up to 4 hours for manual processing. Rho is stored in FigShare and can be
used by any research group conducting alternate temperature and voltage measurements to obtain
electrical resistivity at either ambient or extreme conditions.

A.2 Introduction
Electrical resistivity of materials is a basic property that is measured and used in a large variety
of studies. In one type of study, electrical resistivity data are used to calculate thermal
conductivity and interior heat flow of terrestrial-type bodies. The electrical resistivity of a sample
is often obtained using the four-wire method as it reduces the contribution of the electrodes that
is present in the two-wire method. The four-wire method is used in the cooling of industrial
devices (Hapenciuc et al., 2019), soldering processes (Tillmann et al., 2017), electronic systems
(Krishnamurthy et al., 2019), temperature determination at depth (Erkan et al., 2019), and
simulations of physical properties of terrestrial-type bodies at high pressures and high
temperatures. High pressure and high temperature measurements of electrical resistivity (ρ) in
high pressure multi-anvil presses are used to calculate thermal conductivity (k) and the heat flow
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in the interiors of terrestrial-type bodies. Ezenwa and Secco (2017a) developed a four-wire
method to solve the voltage bias, caused by passing a test current in a single direction, which
previously resulted in erroneous analysis of ρ measurements due to parasitic voltages caused by
the Seebeck effect or other sources. This polarity switching method allowed successful
measurements of ρ of Zn (Ezenwa and Secco, 2017a), Nb (Ezenwa and Secco, 2017b), Ni (Silber
et al., 2017), Co (Ezenwa and Secco, 2017c), Cu (Ezenwa et al., 2017), Fe (Silber et al., 2018;
Yong et al., 2019), Ag (Littleton et al., 2018), W (Littleton et al., 2019), Re (Littleton et al., 2019),
Au (Berrada et al., 2018), Fe-Si alloys (Silber et al., 2019; Berrada et al., 2020; 2021), and Fe-S
alloys (Littleton et al., 2021). Three other papers from different research groups report using
similar data collection practices, while several other papers use the four-wire method without a
polarity switch (Berrada and Secco, 2021). In these measurements, the sample is located in the
middle of a high-pressure cell, between two metal discs which are each contacted by a
thermocouple. The metal discs, ensuring contact between the thermocouples and the sample, are
typically composed of W. The thermocouples are typically Type-C thermocouples (one leg is
made of 95%W/5%Re and the other leg is made of 74%W/26%Re) where voltage (i.e.,
thermoelectric emf) is measured and then converted to temperature after the experiment. The
voltage drop across the sample for resistivity measurement is made between a pair of wires on
opposite sides of the sample (one wire leg from each thermocouple), and therefore includes the
voltage contribution of the discs. Thus, the ρ of the sample is obtained by subtracting the disc
contribution from the total measurement.

The four-wire method incorporates a polarity switch and a mode switch, and results in a pattern
of alternating values of temperature (emf) and voltage in a single column when acquired by a
single voltmeter. A complete measurement produces a pattern similar to the following:
temperature emf before voltage measurement (Tb), positive voltage drop with polarity in one
direction (V+), negative voltage drop with polarity in opposite direction (V-), temperature emf
after voltage measurement (Ta). The order of V+ and V- may be alternated depending on the
position of the polarity switch. At the University of Western Ontario, in the High-Pressure HighTemperature Laboratory, a programmable Keysight B2961 power supply is used to provide a
constant direct test current of 0.2 A while data are acquired by a programmable Keysight 34470A
meter operating at 20 Hz and 1 µV resolution. The application Rho calculates the average of 10
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data points for each temperature section and all available data points for each voltage section. It
is expected that temperature remains stable during these 10 data points. At high temperatures,
when the frequency of measurements is increased and the quantity of data points in each section
is low (due to the rapid switching between each section), Rho selects all the available data for
each section. The values in each selection are averaged. Then the V+ and V- selections are
averaged to give the voltage drop (V), while Tb and Ta selections are averaged to give the
temperature (T). The voltage drop and current (I) are then used to calculate the electrical
resistance (R) of the sample using Ohm’s law:
𝑅=

𝑉
𝐼

(A.1)

The electrical resistivity is then calculated using Pouillet’s law:
𝜌=

𝑅𝐴
𝑙

(A.2)

where A is the sample’s cross-sectional area and l is the sample’s length which are both measured
on the post-experiment recovered sample. Values of ρ are then used to calculate the electronic
component of thermal conductivity (k) via the empirical Wiedemann-Franz law:
𝑘=

𝐿0 𝑇
𝜌𝑡𝑜𝑡𝑎𝑙

(A.3)

where T is temperature and Lo is the theoretical Sommerfeld value (Lo = 2.44∙10-8 W∙Ω∙K-2) of
the Lorenz number. The error in temperature measurement corresponds to the standard deviation
of the data points of each temperature section. The error in ρ is obtained by error propagation
using the uncertainties in sample geometry and standard deviation of the voltage measurements.
Similarly, the error in k corresponds to the propagation of the error in ρ. The selection of
temperature and voltage values is typically done manually, and, to our knowledge, no software
available in the literature is capable of automatically processing the temperature and voltage
signals.

A.3 Implementation and architecture
The main page of Rho is displayed in Fig.A-1a. The application requires data to be imported in
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.xlsx, .csv, or .xls format, where the Tb, V+, V-, and Ta data alternate within the first column of
the file (see Fig.A-1b). The first figure (see Fig. A-1a) that is generated when the file is loaded
is of the raw data. Noise, or abrupt fluctuation in data, that are not representative of the
measurements can be removed by selecting the starting and ending indices (x-axis) of the section.
The application attributes NaN values to each data point of this section, which removes them
from the future analysis. When ‘Plot Data’ is selected, Rho identifies the temperature and voltage
sections based on deviations from the main increasing trend, which corresponds to the
temperature increase with time.

Figure 7-1:(a) Main screen. The input parameters options are displayed on the left panel.
A visualization of the Data selection, resulting resistivity and output results are displayed
on the right. An example raw data set of Fe at 8 GPa is displayed in Figure 1 (Berrada et
al., 2020). (b) Example of raw data Excel file for Fe at 8 GPa (Berrada et al., 2020) where
all measurements are within the first column of the file. The identification of parameter
sequence is shown in the right column for the first two sets of data for clarity here only (this
not included in the original data file).
First, the intervals of negative values are labelled as voltage measurements (Vtotal). This
temporary selection is displayed in Figure 1 of the application (see Fig. A-2a below). In the first
scenario, the pattern Tb V+ V- Ta is considered and Tb and Ta are temporarily identified. To satisfy
this scenario, the difference between Tb and Vtotal must be smaller than the difference between Ta
and Vtotal considering that the part of Vtotal closer to Tb would be V+ and that closer to Ta would
be V- (and V- < V+). Rho uses a loop to evaluate this scenario at each deviation from the main
increasing trend. Whenever the scenario is observed, V+ is temporarily defined as the first trend
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in Vtotal. In the second scenario, the pattern Tb V- V+ Ta is considered, and a similar loop is applied
to identify the intervals where the difference between Tb and Vtotal is larger than that of Ta and
Vtotal. Here, the part of Vtotal closer to Tb would be V- and that closer to Ta would be V+. Another
analysis of the first scenario identifies the stable intervals on the main increasing trend right
before V+ as Tb, and that right after V- as Ta. In other words, fluctuations, or noise, between
temperature and voltage measurements are automatically ignored. A similar analysis of the
second scenario identifies the stable intervals on the main increasing trend right before V - as Tb
and that right after V+ as Ta. The corresponding indexes (x-axis) and data (y-axis) for each
selection are combined into variables for Tb, V-, V+, and Ta. The ‘Outliers Degrees of Freedom’
parameter evaluates the differences between the trends of V- and V+ and identifies data points
outside of these trends as outliers. A larger degree of freedom will include more data points in
the final variables for V- and V+, while a smaller degree of freedom will ignore more data points.
The value 20 seems to be the best fit for this parameter, although it can be adjusted by the user.
In other words, fluctuations of 20 times and more are defined as outliers. The final selection is
displayed in Figure 2 of the application (see Fig. A-2a and 2d). The contribution of the discs to
the measured ρ is subtracted by fitting the ρ of the selected material. The ‘Discs’ dropdown menu
contains options of W from 2-5 GPa (Littleton et al., 2019), Re from 2-5 GPa (Littleton et al.,
2019) and Pt at 1 atm, 10 and 20 GPa (Gomi and Yoshino, 2019). Supplementary options may
be added to future updates of the application as data become available in the literature for different
metals used for the discs. Temperature is automatically converted from emf to (K) using the
selected thermocouple calibration equation. The ‘Thermocouple’ dropdown menu contains
options for Type-C (Omega, 2019a), Type-S at 1 atm (Omega, 2019b) and Type-S from 1-5 GPa
thermocouples (Getting and Kennedy, 1970). The input parameters are then used in equations
(A.1), (A.2) and (A.3) to plot ρ in Figure 3 of the application and output values of T (K), ρ
(µΩ·cm), error in ρ (µΩ·cm), k (Wm-1K-1) and error in k (Wm-1K-1) (see Fig. A-2b and 2c). The
values are displayed in the ‘Output’ tab and can be copied and pasted on another platform for
further analysis.
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Figure 7-2: (a) Temporary and final selections of the temperature and voltage
sections. (b) Calculated resistivity compared with that of Fe at 1 atm (Chu and
Chi, 1981). (c) Output values of T (K), ρ (µΩ·cm), error in ρ (µΩ·cm), k (Wm1K-1) and error in k (Wm-1K-1). (d) Example of the final selections of one
measurement for each parameter.

A.4 Quality control
Examples of running the software are displayed in Fig.A-2. After loaded the raw data file, Figure
1 of the application should automatically display the raw data. If the raw data file is in the
incorrect format, an error sound will be set, and Figure 1 will not display the raw data. The users
should confirm the temperature and voltage selections since similarity in these values might result
in the incorrect identification of some data points. The computed ρ can be compared with that of
Fe at 1 atm (Chu and Chi, 1981).
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A.5 Availability
Operating system
Users may choose to download Rho.exe file from FigShare or Rho.m from GitHub.
Rho.exe – Any system capable of running a .exe file.
Rho.m – Any system capable of running Matlab R2012a or higher.
Programming language
Tested in Matlab R2012a, likely to work in earlier versions also.
Additional system requirements
Rho.exe – 0.82 MB
Rho.m – 56 KB
Dependencies
N/A
List of contributors
N/A
Software location:
Archive (e.g. institutional repository, general repository) (required – please see
instructions on journal website for depositing archive copy of software in a suitable
repository)
Name: FigShare
Persistent identifier: 10.6084/m9.figshare.19175432
Licence: CC by 4.0
Publisher: Meryem Berrada
Version published: 1.0
Date published: 15/02/22
Code repository (e.g. SourceForge, GitHub etc.) (required)
Name: GitHub
Identifier: https://github.com/meryemberradauwo/Rho.git
Licence: GNU General Public License v3.0
Date published: 02/02/22
Language
English
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A.6 Reuse potential
The application Rho minimizes the data analysis time and uses signal processing to identify the
temperature (emf) and voltage drop measurements from a single column of alternating
measurements resulting from the four-wire method. The confirmation of the selection by the user
remains required considering the limitations of the attributed thresholds for outliers. This
software (Rho.exe) can be used to analyse electrical resistivity for applications to the cooling of
industrial devices, soldering processes, electronic systems, temperature determination at depth,
and simulations of physical properties of terrestrial-type bodies at high pressures and high
temperatures. Rho can be used by any research group conducting alternate temperature (emf) and
voltage measurements to obtain electrical resistivity at either ambient or extreme conditions.
Modifications to the software, such as changing the identification thresholds, adding TC types or
disc materials, can be done through Rho.m via the MATLAB platform. The authors are
continuously working to improve the software and implement more features.
We encourage the reader to download Rho via MATLAB (Berrada, 2022) or through this article.
Inquiries can be addressed to the corresponding author of this article, or through the contact
information displayed in the software.
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Appendix B Sample assembly
B.1 Pressure cell design for experiments in 1000-ton multi
anvil press
The dimensions of the pressure cell are listed below. The tools used to machine cell components
are calibrated and measured in the English system (” is inches). This cell design was used for
experiments from 2-5 GPa. OD is Outer Diameter; ID is Inner Diameter; L is Length.

Top and bottom sections:
Graphite cap
OD: 0.28” L: 0.10”
Graphite sleeve (1)
ID: 0.28” OD: 0.32” L: 0.40”
Pyrophyllite section (1)
OD: 1.25” L: 0.45”
Zirconia cap
OD: 0.28” L: 0.05”
Pyrophyllite cylinder
OD: 0.22” L: 0.24”
Middle section:
Zirconia sleeve
ID: 0.32” OD: 0.42” L: 0.45”
Graphite sleeve (2)
ID: 0.32” OD: 0.28” L: 0.45”
Pyrophyllite section (2)
OD: 1.25” L: 0.45”
BN cylinder (1)
ID: 0.05” OD: 0.18” L: 0.08”
Sample
OD: 0.05” L: 0.08”
W-discs
OD: 0.050” L:0.004”
4-hole BN cylinder
ID: 0.02” OD: 0.18” L: 0.19”
BN cylinder (2)
ID: 0.28” OD: 0.18” L: 0.45”

Figure 7-3: Design for pressure cell in 1000-ton press.All measurements for components
are given in the text preceding the figure.
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B.2 Pressure cell design for experiments in 3000-ton multi
anvil press
The dimensions of the pressure cell are listed below. The tools used to machine cell components
are calibrated and measured in the English system (” is inches). These cell designs were used for
experiments from 5-24 GPa. TC is thermocouple.

5-9 GPa in 18/11mm cells
Zirconia sleeve
ID: 0.125” OD: 0.224” L: 0.579”
Re furnace
W: 0.378” L: 0.660”
BN sleeve
ID: 0.050” OD: 0.122” L: 0.480”
W-discs
OD: 0.050” L:0.004”
TC 4-hole tube OD: 0.050” L: 0.170”
Sample tube
OD: 0.050”
L: 0.060”
10, 12 GPa in 14/8mm cells
Zirconia sleeve
ID: 0.125” OD: 0.224” L: 0.450”
Re furnace
W: 0.378” L: 0.500”
BN sleeve
ID: 0.050” OD: 0.122” L: 0.360”
W-discs
OD: 0.050” L:0.004”
TC 4-hole tube OD: 0.050” L: 0.095”
Sample tube
OD: 0.050”
L: 0.060”

Figure 7-4: Design for pressure cell in 18/11mm and 14/8mm cells for the 3000 ton press.
All measurements for components are given in the text preceding the figure.
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14, 16, 18 GPa in 10/5mm cells
Lanthanum chromite sleeve precut
Re furnace precut
BN sleeve
ID: 0.050” OD: 0.100” L: 0.220”
W-discs
OD: 0.050” L:0.004”
TC 4-hole tube OD: 0.050” L: 0.065”
Sample tube
OD: 0.050”
L: 0.060”

Figure 7-5: Design for pressure cell in 10/5mm cells for the 3000 ton press. All
measurements for components are given in the text preceding the figure.

20, 22, 24 GPa in 8/3mm cells
Lanthanum chromite sleeve precut
Re furnace precut
Ceramic tube precut
W-discs
OD: 0.050” L:0.004”
TC 4-hole tube OD: 0.050” L: 0.045”
Sample tube
OD: 0.050”
L: 0.040”

Figure 7-6: Design for pressure cell in 8/3mm cells for the 3000 ton press. All
measurements for components are given in the text preceding the figure.
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B.3 Diagram of Circuit for Electrical Resistivity Studies
The circuit below illustrates the connections using the four-wire (wires A, B, C and D) method
with the digital multimeters 1 and 2, power supply, mode switch and polarity switch.

Figure 7-7: Electronic circuit used in the multi-anvil presses.
A DC current sent from the power supply first arrives at the polarity switch. In one polarity switch
direction, the current travels to wire C, then across the disc and sample into wire D. In the second
polarity switch direction, the current travels to wire D, then across the disc and sample into wire
C. Depending on the direction of the polarity switch, the voltage drop measurements appear either
positive or negative. All four wires are connected through the mode switch, then arrive at the
multimeters. A combination of the currents from wires C and D along with that of C and A arrive
to multimeter 1. A combination of the currents from wires A and B along with that of B and D
arrive to multimeter 2. In one mode switch direction (resistance mode), multimeter 1 displays the
combination of currents C and D, while in the other direction (temperature mode) it displays the
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combinations of currents from C and A. The software associated with each multimeter show the
same values displayed on the multimeters. Measurements can be recorded as a function of time.
Wires A and B are closer to the sample and therefore used to obtain the voltage drop across the
sample (measured in Volts), while temperature at each end of the sample is obtained by reading
the emf (measured in Volts) at the A,C and B,D junctions. While in resistance mode, the software
will record the voltage drop across the sample at one extremity as a function of time. While in
temperature mode, the software will record the temperature at one of the junctions as a function
of time. The voltage drop and temperature at the second junction can be recorded through the
software connected to the second multimeter.
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B.4 Troubleshooting broken wires in the 3000 ton multianvil press
The cell assembly is susceptible to broken wires under high pressures and high temperatures. The
following figure illustrates the condition of the wires coming out of the cell before and after an
experiment.

Figure 7-8: Condition of the wires before and after an
experiment. The weak points and an example of a broken
wire observed after the cell is decompressed are illustrated.
With reference to Figure B-5, wires A and B are sheathed in yellow Teflon, while wires C and
D are sheathed in red Teflon. Each wire is carefully passed through the edge of the octahedra and
through indented gaskets. Then, the wires are bent slightly such as they converge on the outside
of the whole assembly (see top image of Figure B-6). The gaskets are compressed during an
experiment, which may cause the wires to shift slightly from their initial position. Sometimes,
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the shift is dramatic enough to break wires. Experiments are not failed when only one wire is
broken even though a four wire resistivity measurement cannot be made. Typically, when only
one wire is broken, it is still possible to obtain the temperature at one end of the sample. In this
case, the sample can be heated to the desired temperature and a chemical analysis of the sample
post-experiment can be used to evaluate the diffusion of the discs and electrodes as a function of
temperature. On the other hand, when two wires are broken on the same end of the sample, the
remaining two wires may still be used to measure temperature and conduct a heating experiment.
When the two broken wires are on different ends of the sample, or more wires are broken, the
experiment failed, and it is not possible to obtain either a temperature or voltage drop reading.
The following scenarios illustrate the different troubleshooting methods used to evaluate if an
experiment can still be carried after observing one or more broken wires.
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Figure 7-9: Wire C is broken.
When wire C is broken (follow blue highlighted path on Figure B-7), the current sent by the
power supply will not go through wire C and it will display no constant current (see “CV” for
“constant voltage” displayed on power supply). Placing the polarity switch in the other direction
(follow green highlighted path on Figure B-7), the current passes through wire D, the sample and
discs, and is finally picked up by wire A and recorded by multimeter 2. In other words, when the
multimeter displays fluctuations in values while in resistance mode and the power supply
indicates CV then only one wire, and therefore thermocouple (TC) A+C, is lost and only a heating
experiment can be conducted using TC B+D.
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Figure 7-10: Wire B is broken.
When wire B is broken (follow blue highlighted path on Figure B-8), the current sent by the
power supply will go through wire C, the discs, the sample, and wire D. The current will be
picked up again by the power supply (see “CC” for “constant current” displayed on power
supply). The combination of currents from wires C,D and C,A will be measured by multimeter
1. In other words, when multimeter 1 displays fluctuations in values while in temperature mode
and the power supply indicates CC, then only one TC (B+B) is lost and a heating experiment can
be conducted using TC C+A.
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Figure 7-11: Wire A is broken.
When wire A is broken (follow green highlighted path on Figure B-9), the current sent by the
power supply will go through wire C, the discs, the sample, wire B and wire D. The current will
be picked up again by the power supply (see “CC” displayed on power supply). The combination
of currents from wires C,D will be measured by multimeter 1 while A,B and B,D will be measured
by multimeter 2. In other words, when multimeter 1 displays fluctuations in values while in
temperature mode and the power supply indicates CC then only one TC (C+A) is lost, and a
heating experiment can be conducted using TC B+D. This situation is observably identical to
when wire B is broken.
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Figure 7-12: Wire D is broken.
When wire D is broken (follow blue highlighted path on Figure B-10), the current sent by the
power supply will not go through wire D and it will display no constant current (see “CV”
displayed on power supply). Current will pass through wire C, the discs, the sample, then wire
B. The current combination C,A will be picked up by multimeter 1, while A,B will be picked up
by multimeter 2. In other words, when multimeter 1 displays fluctuations in values while in
resistance mode and the power supply indicates CV then only one TC (B+D) is lost, and a heating
experiment can be conducted using TC C+A. This situation is observably identical to when wire
C is broken.
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Figure 7-13: No contact between thermocouple wires.
When there is no contact between thermocouple wires (i.e., if BN powder is trapped between
wires or if wires are dramatically misaligned) then it will appear as if either wires C or D are
broken. Figure B-11 illustrates a scenario where BN is located between wires A and C. In this
case, multimeter 1 displays fluctuations in values while in resistance mode and the power supply
indicates CV. This situation is observably identical to when wire C is broken, and a heating
experiment can be conducted using TC B+D.
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Figure 7-14: No contact between thermocouple and sample.
When there is no contact between the thermocouple wires and the sample (i.e., if BN powder is
trapped between the thermocouple and sample or if wires are dramatically misaligned) then it
will appear as if either wires C,D or A,B are broken. Figure B-11 illustrates a scenario where BN
is located between the thermocouple A,C and the discs. It does not matter if the contact is lost
before or after the discs. When the polarity switch is in one direction (follow blue highlighted
path on Figure B-12), multimeter 1 will pick up the combination of currents from wires A and C,
which is an emf reading. Similarly, when the polarity which is in the other direction (follow the
green highlighted path), multimeter 2 will pick up the combination of currents from wires B and
D, which is also an emf reading. In other words, the multimeters will display fluctuating values
while in resistance mode and, while in temperature mode, the power supply indicates CV. No
current can be passed through the sample thus the experiment is not successful.
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Appendix C Post-experiment images
After an experiment, the cell was sanded down to its cross-section to reveal the sample. Then
Electron Microprobe Analysis was done on the cross-section to identify the quenched
composition of the sample, W-discs, and thermocouples (TC). Photomicrographs of the crosssection along with the chemical analysis of the recovered samples are displayed below. Some
sampled were lost during the polishing step.

C.1 Experiments of Chapter 2

Figure 7-15: Sample of Au quenched from 4 GPa and 1752 K (239 K above Tmelt). (Left)
Optical microscope view of cross-sectional area of sample. (Center) Backscattered electron
image of area shown in the left photomicrograph. (Right) Electron microprobe analysis of
the sample. The average W and Re content in the bulk sample is 0.03 wt% and 0.00 wt%
respectively.
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C.2 Experiments of Chapter 4

Figure 7-16: Sample of Fe-2wt%Si quenched from 3 GPa and 1930 K (190 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 18.9 wt% and
0.9 wt% respectively.

Figure 7-17: Sample of Fe-2wt%Si quenched from 4 GPa and 2000 K (200 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 21.4 wt% and
0.9 wt% respectively.
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Figure 7-18: Sample of Fe-2wt%Si quenched from 5 GPa and 2040 K (250 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 22.9 wt% and
0.6 wt% respectively.

Figure 7-19: Sample of Fe-8.5wt%Si quenched from 3 GPa and 2038 K (318 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 10.9 wt% and
0.1 wt% respectively.

185

Figure 7-20: Sample of Fe-8.5wt%Si quenched from 5 GPa and 2002 K (248 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 9.3 wt% and
0.1 wt% respectively.

Figure 7-21: Sample of Fe-17wt%Si quenched from 3 GPa and 1792 K (175 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 4.0 wt% and
0.0 wt% respectively.

186

Figure 7-22: Sample of Fe-17wt%Si quenched from 4 GPa and 1692 K (63 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 2.6 wt% and
0.0 wt% respectively.

C.3 Experiments of Chapter 5

Figure 7-23: Sample of Fe-8.5wt%Si quenched from 5 GPa and 2010 K (230 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 13.8 wt% and
0.1 wt% respectively.
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Figure 7-24: Sample of Fe-8.5wt%Si quenched from 6 GPa and 2010 K (289 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 17.3 wt% and
0.3 wt% respectively.

Figure 7-25: Sample of Fe-8.5wt%Si quenched from 7 GPa and 2070 K (317 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 6.9 wt% and
0.2 wt% respectively.
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Figure 7-26: Sample of Fe-8.5wt%Si quenched from 8 GPa and 2094 K (233 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 10.5 wt% and
0.1 wt% respectively.

Figure 7-27: Sample of Fe-8.5wt%Si quenched from 9 GPa and 2100 K (217 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 13.8 wt% and
0.1 wt% respectively.
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Figure 7-28: Sample of Fe-8.5wt%Si quenched from 10 GPa and 2000 K (112 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 5.1 wt% and
0.1 wt% respectively.

Figure 7-29: Sample of Fe-8.5wt%Si quenched from 14 GPa and 2005 K (112 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 66.1 wt% and
6.4 wt% respectively.
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Figure 7-30: Sample of Fe-8.5wt%Si quenched from 16 GPa and 2040 K (149 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 18.0 wt% and
0.2 wt% respectively.

Figure 7-31: Sample of Fe-8.5wt%Si quenched from 18 GPa and 2137 K (161 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 7.4 wt% and
0.1 wt% respectively.
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Figure 7-32: Sample of Fe-8.5wt%Si quenched from 20 GPa and 2119 K (137 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 4.8 wt% and
0.1 wt% respectively.

Figure 7-33: Sample of Fe-8.5wt%Si quenched from 22 GPa and 2169 K (199 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 11.5 wt% and
0.1 wt% respectively.
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Figure 7-34: Sample of Fe-8.5wt%Si quenched from 24 GPa and 2200 K (213 K above Tmelt).
(Left) Optical microscope view of cross-sectional area of sample. (Center) Backscattered
electron image of area shown in the left photomicrograph. (Right) Electron microprobe
analysis of the sample. The average W and Re content in the bulk sample is 5.4 wt% and
0.1 wt% respectively.

Figure 7-35: Sample of Fe quenched from 8 GPa and 2089 K (268 K above Tmelt). (Left)
Optical microscope view of cross-sectional area of sample. (Center) Backscattered electron
image of area shown in the left photomicrograph. (Right) Electron microprobe analysis of
the sample. The average W and Re content in the bulk sample is 17.6 wt% and 0.9 wt%
respectively.
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C.4 Experiments of Chapter 6

Figure 7-36: Sample of Fe-10wt%Ni-10wt%Si quenched from 3 GPa and 1983 K (388 K
above Tmelt). (Left) Optical microscope view of cross-sectional area of sample. (Center)
Backscattered electron image of area shown in the left photomicrograph. (Right) Electron
microprobe analysis of the sample. The average W and Re content in the bulk sample is
11.3 wt% and 0.0 wt% respectively.

Figure 7-37: Sample of Fe-10wt%Ni-10wt%Si quenched from 5 GPa and 1879 K (273 K
above Tmelt). (Left) Optical microscope view of cross-sectional area of sample. (Center)
Backscattered electron image of area shown in the left photomicrograph. (Right) Electron
microprobe analysis of the sample. The average W and Re content in the bulk sample is 6.7
wt% and 0.0 wt% respectively.
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Figure 7-38: Sample of Fe-10wt%Ni-10wt%Si quenched from 7 GPa and 1952 K (276 K
above Tmelt). (Left) Optical microscope view of cross-sectional area of sample. (Center)
Backscattered electron image of area shown in the left photomicrograph. (Right) Electron
microprobe analysis of the sample. The average W and Re content in the bulk sample is 8.5
wt% and 0.0 wt% respectively.

Figure 7-39: Sample of Fe-10wt%Ni-10wt%Si quenched from 9 GPa and 2045 K (331 K
above Tmelt). (Left) Optical microscope view of cross-sectional area of sample. (Center)
Backscattered electron image of area shown in the left photomicrograph. (Right) Electron
microprobe analysis of the sample. The average W and Re content in the bulk sample is 5.4
wt% and 0.0 wt% respectively.
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Figure 7-40: Sample of Fe-10wt%Ni-10wt%Si quenched from 12 GPa and 2043 K (316 K
above Tmelt). (Left) Optical microscope view of cross-sectional area of sample. (Center)
Backscattered electron image of area shown in the left photomicrograph. (Right) Electron
microprobe analysis of the sample. The average W and Re content in the bulk sample is 5.6
wt% and 0.0 wt% respectively.

Figure 7-41: Sample of Fe-10wt%Ni-10wt%Si quenched from 14 GPa and 2081 K (262 K
above Tmelt). (Left) Optical microscope view of cross-sectional area of sample. (Center)
Backscattered electron image of area shown in the left photomicrograph. (Right) Electron
microprobe analysis of the sample. The average W and Re content in the bulk sample is
11.7 wt% and 0.0 wt% respectively.
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Figure 7-42: Sample of Fe-10wt%Ni-10wt%Si quenched from 20 GPa and 2201 K (357 K
above Tmelt). (Left) Optical microscope view of cross-sectional area of sample. (Center)
Backscattered electron image of area shown in the left photomicrograph. (Right) Electron
microprobe analysis of the sample. The average W and Re content in the bulk sample is
17.1 wt% and 0.0 wt% respectively.
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Appendix D Supplementary Content for Chapter 4
D.1 Supplementary figures

Figure 7-43: Micro-XRD (with a 300 µm pinhole collimator) and
powder-XRD analysis of the Fe8.5Si and Fe17Si wires as produced by
our wire-making method, compared to α-Fe (ICSD # 64998), Fe9Si
(Zhang and Guyot, 1999) and Fe14.4Si (Keil et al., 1982). The
characteristic planes (110) and (200) of α-Fe are observed in Fe8.5Si,
while only the plane (110) is observed in Fe17Si.
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Figure 7-44: Electron microprobe analysis of the cross-sectional area of Fe2Si at 4
GPa where the 1 atm liquidus is 1838 K. The sample was quenched at 2000 K. The
table shows the results of the chemical composition analysis, where the points
correspond to the locations on the W-disc (point 1) and sample (points 2-12).
Significant contamination of W in the melt occurs at T well above the liquidus.
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Figure 7-45: Electron microprobe analysis of the cross-sectional area of Fe8.5Si at 3
GPa where the 1 atm liquidus is 1748 K. The sample was quenched at 2038 K. The
table shows the results of the chemical composition analysis, where the points
correspond to the locations on the sample (points 1-18), W-disc (points 19-21) and the
TC (point 22). Significant contamination of W in the melt occurs at T well above the
liquidus.
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Figure 7-46: Electron microprobe analysis of the cross-sectional area of Fe17Si at 4
GPa where the 1 atm liquidus is 1633 K. The sample was quenched at 1692 K. The
table shows the results of the chemical composition analysis, where the points
correspond to the locations on the sample (points 4-18), W-discs (points 2-3 and 1920) and the TC (points 1 and 21). Minimal contamination of W in the melt occurs at
T just below the liquidus.
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Figure 7-47: The electrical resistivity (ρtotal) of Fe17Si at 3
GPa as a function of temperature, compared to 1 atm data
(Glaser and Ivanick, 1956) and to Fe10Si at 10 GPa (Pommier
et al., 2019). Measurements were taken multiple times in
different runs with different samples (#1, #2, #3) made using
our new wire-making method.

202

Figure 7-48: The T2 dependence of the magnetic region of the total electrical
resistivity of FexSi (2≤x≤17) at (a) 3 GPa, (b) 4 GPa, and (c) 5 GPa. A quadratic fit
is shown from room temperature to two data points before the obvious change of
slopes observed in Figure 4.3. The T2 coefficient as a function of wt% Si is
illustrated in (d).
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Figure 7-49: The temperature gradient across the lunar core
from this study using

𝒅𝑻

( ) =−
𝒅𝒓 𝑺

𝟐𝒓𝑻𝑪𝑴𝑩
𝑫𝟐

compared to

particle swarm optimization algorithm used by Jiang and Yao
(2019). The upper bounds of this study are obtained using the
larger value of α (10-4K-1) and smaller value of Cp,c (800 J kg1K-1) as reported in Table 4-1, while the lower bound uses the
smaller value of α (5.25∙10-5K-1) and larger value of Cp,c (850 J
kg-1K-1). The sudden drop in thermal gradient is caused by the
drop in density from the IC (8 g/cm3) to OC (5 g/cm3).
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D.2 Calculation of densities of Fe9Si and Fe16Si at the top of
the lunar core (5 GPa)
The 3rd order Birch-Murnaghan equation of state (with Ko bulk modulus, f compression, Ko’
pressure derivative of bulk modulus, V volume, Vo volume at 1 atm, ρc core density and ρc,o core
density at 1 atm) is :
5
3
𝑃 = 3𝐾0 𝑓(1 + 2𝑓)2 (1 + 𝑓(𝐾0′ − 4))
2

(D.1)

1 𝑉 −3
𝑓 = (( ) − 1)
2 𝑉0

2

(D.2)

𝜌𝑐
𝑉0
=
𝜌𝑐,𝑜 𝑉

(D.3)

𝑐𝑚3

𝑔

For Fe9Si, the parameters are 𝑉0 = 6.583

, 𝐾0 = 182 𝐺𝑃𝑎, 𝐾0′ = 5.59, 𝜌𝑐,0 = 6.9585
𝑚𝑜𝑙

𝑐𝑚3

𝑔

(Fischer et al., 2014). The resulting density at P=5 GPa is ρc= 7.134 𝑐𝑚3 . Similarly, for
Fe16Si, the parameters are 𝑉0 = 6.799

𝑐𝑚3
𝑚𝑜𝑙

, 𝐾0 = 193.9 𝐺𝑃𝑎, 𝐾0′ = 4.91, 𝜌𝑐,0 = 6.9045
𝑔

𝑔
𝑐𝑚3

(Fischer et al., 2014). The resulting density at P=5 GPa is ρc = 7.312 𝑐𝑚3 . Both densities are in
agreement with densities reported in Table 4-1.

205

D.3 References
Fischer, R. A., Campbell, A. J., Caracas, R., Reaman, D. M., Heinz, D. L., Dera, P., and
Prakapenka, V. B. (2014). Equations of state in the Fe-FeSi system at high pressures and
temperatures. Journal of Geophysical Research: Solid Earth, 119(4), 2810-2827.
Glaser, F. W., and Ivanick, W. (1956). Study of the Fe-Si Order-Disorder Transformation. JOM,
8(10), 1290-1295.
Jiang, C., and Yao, S. (2019). 1D geothermal inversion of the lunar deep interior temperature and
heat production in the equatorial area. Physics of the Earth and Planetary Interiors, 289,
106-114.
Keil, K., Berkley, J. L., Fuchs, J. H. (1982). Suessite, Fe3Si: a new mineral in the North Haig
ureilite. American Mineralogist, 67, 121-131.
Pommier, A., Leinenweber, K., and Tran, T. (2019). Mercury's thermal evolution controlled by
an insulating liquid outermost core? Earth and Planetary Science Letters, 517, 125-134.
Silber, R. E., Secco, R. A., Yong, W., and Littleton, J. A. H. (2018). Electrical resistivity of liquid
Fe to 12 GPa: Implications for heat flow in cores of terrestrial bodies. Scientific Reports,
8(1), 10758.
Silber, R. E., Secco, R. A., Yong, W., and Littleton, J. A. H. (2019). Heat Flow in Earth's Core
From Invariant Electrical Resistivity of Fe-Si on the Melting Boundary to 9 GPa: Do
Light Elements Matter? Journal of Geophysical Research: Solid Earth, 124(6), 55215543.
Zhang, J., Guyot, F. (1999). Thermal equation of state of iron and Fe0.91Si0.09. Physics and
Chemistry of Minerals, 26, 206–211.

206

Curriculum Vitae
Name:

Meryem Berrada

Post-secondary
Education and
Degrees:

Champlain College
Saint-Lambert, Quebec, Canada
2012-2014
College Diploma
McGill University
Montreal, Quebec, Canada
2014-2017
International B.A.
The University of Western Ontario
London, Ontario, Canada
2017-2022
Ph.D. Geophysics

Honors and
Awards:

Best Cadet of the Class of Elementary Aviation and
Aerospace Technology (2010)
Best Cadet of the third level (2011-2012)
Dean’s Honor list, Champlain College (2012-2014)
KEGS – Canadian Exploration Geophysical Society Scholarship
(2016, 2017)
The Duke of Edinburgh’s International Award, Gold Medal
(2017)
Undergraduate Pre-thesis Award, University of Western
Ontario (2017)
Nomination National Volunteer Award, Let’s Talk Science
Outreach (2018)
Graduate Student Teaching Assistant Award of Excellence
(2018, 2020)

207

Geophysics Travel Scholarship, University of Western Ontario
(2019, 2022)
Ma bourse à moi - Desjardins (2019, 2021)
KEGS – Canadian Exploration Geophysical Society Scholarship
(2020)
Queen Elizabeth II Graduate Scholarship in Science and
Technology (2021)
Larry Calvert Award (2022)
Natural Sciences and Engineering Research Council of Canada
Postdoctoral Fellowship (2022-24)
John C. Jamieson Award of the Gordon Research Conference on
Research at High Pressure (2022)

Related Work
Experience

Internship with the Centre Optique et Photonique Laser
Laval University
05/2016-08/2016)
Tutor with Succes Scolaire
01/2016-Today
Animator, Let’s Talk Science
09/2017-Today
Teaching Assistant
University of Western Ontario
Fall 2017,2018
Website Director
Let’s Talk Science
12/2017-Today

208

Head Teaching Assistant
University of Western Ontario
Winter 2018, 2019, 2020, 2021
Co-Guest Editor Minerals Special issue
08/2021-Today
Publications:
Berrada, M., Secco, R. A., and Yong, W. (2022). Resistivity of Solid and Liquid
Fe-Ni-Si with Applications to the Cores of Earth, Mercury and Venus. Scientific
Reports, 12, 9941.
Berrada, M., Secco, R. A., and Yong, W. (2022). Rho - A quick electrical
resistivity analysis application. Journal of Open Research Software. In review.
Berrada, M. and Secco, R. A. (2021). Review of Electrical Resistivity
Measurements and Calculations of Fe and Fe-alloys Relating to Planetary Cores.
Frontiers Scientific Journals. 9(802).
Berrada, M., Secco, R. A., and Yong, W. (2021). Adiabatic Heat Flow in
Mercury’s Core from Electrical Resistivity Measurements of Liquid Fe-8.5wt%Si
to 24 GPa. Earth and Planetary Science Letters. 568, 117053.
Berrada, M., Secco, R. A., Yong, W., and Littleton, J.A.H. (2020). Electrical
resistivity measurements of Fe-Si with implications for the early lunar dynamo.
Journal of Geophysical Research: Planets, e2020JE006380.
Berrada, M., Littleton, J. A. H., and Secco, R. A. (2020). Smartphones and
Gravitational Acceleration I: Overview. The Physics Teacher, 58(7), 470-472.
Berrada, M., Littleton, J. A. H., and Secco, R. (2020). Smartphones and
Gravitational Acceleration II: Applications. The Physics Teacher, 58(7), 473476.
Littleton J.A.H., Secco R.A., Yong W., Berrada M. (2018) Electrical resistivity
and thermal conductivity of W and Re to 5GPa and 2300K. Journal of Applied
Physics, 125, 135901.

209

Berrada, M., Secco R.A., Yong W. (2018) Decreasing electrical resistivity of
gold along the melting boundary up to 5 GPa, High Pressure Research, 38(4):
367-376.

For more information, please visit https://www.meryemberrada.com/

